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  In the course of nearly two decades of nanomaterials research, many materials 
classes in their various well-defined nano-forms have been individually explored. 
In this thesis, we aim to go beyond simple structural forms and study 
nanomaterials with various levels of structural complexity. We focus our attention 
on selected members, namely ZnO and ZnTe, from the zinc chalcogenide 
nanomaterials family that has currently been receiving intensive research efforts. 
  In the first part we revolve around vertically-aligned multi-segment ZnO 
nanowire arrays. An epilayer deposited by the pulsed laser deposition technique is 
shown to enable the synthesis of vertical ZnO nanowire arrays on various 
substrates. Employing the concept of homoepitaxial re-growth, additional 
segments were sequentially built up using as-grown single-segment ZnO 
nanowires as growth templates through repeated simultaneous radial and axial 
epitaxy in successive single growth cycles. We then implemented a newly-
developed scanning electron-beam heating technique to generate the spatially-
resolved thermal resistance profiles of single two-segment ZnO nanowires. We 
obtained thermal conductivity values of 11.7 W/m·K and 12.3 W/m·K 
corresponding to segments with diameters of 46.6 nm and 69.5 nm respectively 
within the same nanowire. These results are discussed in the context of 





  In the second part we focus our attention on thermal conduction properties in a 
single cleaved ZnO nanowire that has been connected through van der Waals 
interactions, and show both experimentally and through simulation that it is 
possible to achieve nanoscale bistable thermal conduction in such a system by 
utilizing the single cleaved ZnO nanowire as the thermal conduction channel and 
taking advantage of intrinsic thermomechanical characteristics of the test platform. 
The two conduction states, represented by the scenarios when the nanowire 
junction is either closed or open, exhibit distinctive thermal conductance differing 
by up to 2200% with thermomechanically-controlled reversible switching. The 
conduction states are nonvolatile and could be retained for extended periods. We 
show that such an approach has positive implications for realizing high-
performance thermal switch and nonvolatile thermal memory. 
  Finally we present our attempts in synthesizing and studying quasi-periodically 
twinned ZnTe nanoplates, which have the potential of forming the fascinating 
two-dimensional twinning superlattice. We show that such nanostructures with 
periodic twinning could be successfully synthesized with a modified vapor 
transport growth technique employing Au catalyst particles with an extremely 
small size of 2 nm. The possible growth mechanisms are discussed. We then 
demonstrate via optical measurements that these nanostructures exhibit an 
enhanced level of electron-phonon coupling. 
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Chapter 1 Introduction 
1.1 The material-structure-functionality paradigm in 
nanomaterials research and development 
1.1.1 A brief history and some terminologies 
  Richard Feynman first envisioned the feasibility of direct atomic manipulation as 
a more advanced technique for synthetic chemistry in his famous 1959 lecture 
entitled "There's Plenty of Room at the Bottom". The concepts discussed therein 
would shape and impact one of the most active interdisciplinary research fields 
decades later. It was however only until 1974 that the proper term "nano-
technology" made its debut, though lesser known, by Norio Taniguchi, who used 
the term to describe a series of semiconductor processing techniques with inherent 
precision control on the order of a nanometer, or a billionth of a meter.1 In 1986, 
K. Eric Drexler independently used the term "nanotechnology" in his book 
"Engines of Creation: The Coming era of Nanotechnology" to describe the 
prospect of a nanoscale copier capable of reproducing structures with atomic 
control, which is seen to mark the emergence of nanotechnology as a research 
field.2 Nowadays, the National Nanotechnology Initiative has given a clear 
definition to nanotechnology as the manipulation of matter with at least one 
dimension sized from 1 to 100 nanometers. Nanomaterials, which could take the 
shape of nanoscale particles, rods, tubes, etc., constitute one of the main products 




of nanotechnologies. They form the subjects of study in the discipline of 
nanoscience. 
1.1.2 Nanomaterials research is not all about size reduction 
  One statement that greatly enhances the public awareness of nanotechnology is 
Moore's Law, which is a prediction based on historical observation of computing 
hardware development, and states that the number of transistors in a dense 
integrated circuit doubles approximately every two years.3 According to this 
prediction, scientists and engineers were anticipated to grapple with materials and 
structures with feature sizes down to about 100 nm, therefore truly entering the 
nanotechnology regime, at about the turn of the 21st century. It appears 
misleadingly from this statement that the sole task of nanotechnology is about 
achieving feature size reduction, as Moore himself put in the title "cramming 
more components onto integrated circuits". 
  However there are much more to it when materials shrink down to really small 
sizes. Two effects are generally associated with all materials at extremely reduced 
size scales as compared to their bulk counterparts, the first being quantum 
confinement, and the second being significantly prominent surface effects arising 
from the high surface to volume ratio in nanoscale materials.4-7 With these effects, 
Vossmeyer et al. demonstrated that the band gap in CdS could be effectively 
tuned continuously from 4.5 eV to 2.5 eV as the size spans from the molecular to 
the macroscopic regime.8 Bruchez Jr et al. synthesized a series of CdSe quantum 
dots with precisely controlled diameters of 2.1 nm, 2.4 nm, 3.1 nm, 3.6 nm, and 




4.6 nm, whose emission wavelengths are distinctive from each other and change 
gradually from green to red in going across the series.9 Huang et al. synthesized 
one nanometer Rh and Pt particles using a dendrimer-templated approach and 
showed their excellent catalytic activity for ethylene and pyrrole hydrogenation.10 
Another famous material exhibiting fascinating yet excessively complicated size-
dependent properties is Au, as discussed by Roduner.11 Au in its bulk is well-
known to be a shiny and yellow noble metal. However, 10 nm Au particles start to 
absorb the green part of the electromagnetic wave and hence appear red. When 
the size further reduces to 2 nm - 3 nm, Au particles would exhibit magnetism, 
and even smaller particles would turn into insulators. These are just some of the 
examples demonstrating that the same materials can indeed behave very 
differently when their sizes enter the nanoscale range. 
  On the other hand, various materials properties and novel functionalities are also 
highly correlated with the appearance of their exact structures. Here the term 
"structures" is used in a very broad sense; it in fact includes both 
morphological/structural layouts at a single-structure level as well as collective 
structures from an ensemble of materials entities spatially placed either together 
or separately. 
  On a single-component single-nanostructure level, Huang et al. proposed the use 
of an elongated nanowire as a resonance cavity with two atomically flat end faces 
acting as reflecting mirrors. They successfully demonstrated the room-
temperature ultraviolet lasing action enabled from a self-organized and <0001> 
oriented ZnO nanowire arrays with a threshold of 40 kW/cm2 under optical 




excitation.12 Jia et al. synthesized single-crystalline ferrimagnetic Fe3O4 nanorings 
and observed the unique shape-induced magnetic vortex state in these ringlike 
nanostructures.13 These nanostructures were later on shown to form a magnetic 
nanoprobe with superior performance compared to their superparamagnetic 
nanoparticle counterparts.14 In another well-known piece of work, Novoselov et al. 
presented strong ambipolar electric field effect in the two-dimensional semimetal 
of few-layer graphene, which spurred the wave of graphene research in the years 
to come.15 
  More possibilities open up when we switch over to multi-component single-
nanostructure systems. Chang et al. discovered that carbon and boron nitride 
nanotubes, when inhomogeneously loaded with heavy molecules hence creating a 
non-uniform axial mass distribution, exhibit direction-specific axial thermal 
conductance en route to solid-state thermal rectifiers.16 In another instance, large-
area atomic layers of two-dimensional hybrid materials consisting of domains 
from both hexagonal BN and graphene phases have been synthesized.17,18 
Interestingly, their overall structural features and bandgap are distinct from those 
of any of the components, be it graphene, doped graphene or hexagonal BN, 
which offer new possibilities in bandgap-engineered applications in electronics 
and optics. Another well-known phenomenon arising from heterostructured 
materials is the giant magnetoresistance (GMR) effect observed in thin-film 
multilayers consisting of alternating ferromagnetic and non-magnetic layers.19-22 
Magnetic field sensors made from the GMR effect found many applications in 
hard disk drive technology, microelectromechanical systems (MEMS) as well as 




magnetoresistive random-access memory (MRAM), and had absolutely profound 
impacts in our everyday life later on. 
  In crossing over to structures with an even higher hierarchy, it is possible to 
periodically replicate a single structure in space, thereby forming the so-called 
metamaterials.23-25 As the name suggests, metamaterials offer many fascinating 
properties and functionalities not attainable with common materials in nature, 
such as a negative refractive index,26-28 optical cloaking,29-31 omnidirectional light 
concentration,32 as well as hyperlensing.33-36 The collective behavior could be 
tuned in two ways, either by tuning the shape and size of the representative 
structural unit of the metamaterial or the pattern and periodicity in which these 
structural units repeat in space. 
  The above analysis presents the richness of nanomaterials research, that we are 
always facing with endless possibilities by different materials selection and 
choosing their exact structures. It also underscores the importance of going 
through the material-structure-functionality research cycle and tailor every aspect 
in achieving the final desired functionality in nanomaterials research. 
1.2 Zinc chalcogenide family of nanomaterials 
1.2.1 Crystal structure 
  The common zinc chalcogenide materials family contains four members, namely 
ZnO, ZnS, ZnSe and ZnTe. Their nanostructures constitute one of the most 
studied family of semiconductor nanomaterials. Under ambient conditions, the 
zinc chalcogenide materials crystallize in one of the two main crystal structures, 




hexagonal wurtzite (WZ) or cubic zinc blende (ZB). The WZ structure is 
illustrated in Figure 1.1(a), while the ZB structure unit cell is presented in Figure 
1.1(b). The two crystal structures are in fact close variants of each other, in the 
sense that both structures have tetrahedral coordination for both the cation and the 
anion, and both structures could be generated with the stacking of close-packed 
planes of anions, as the anions possess larger ionic radius compared to that of the 
cations of Zn2+. The case is well-represented for the WZ structure in Figure 1.1(a). 
As illustrated, the stacking takes place along the [0001] direction, which is 
referred to as the c-axis. However, in the case of a ZB structure in Figure 1.1(b), 
this stacking sequence has to be observed along the <111> type body diagonal 
directions. In general, there are three different manners in which the atomic 
cation-anion bilayers could be stacked, represented by the capital letters A, B and 
C. The WZ structure involves the repeated stacking pattern of two types of 
stacking fashions, and could be coded as having the ...ABAB... stacking sequence. 
The ZB structure, on the other hand, involves the repeated stacking of all three 
stacking fashions, and could therefore be coded as ...ABCABC... to describe the 
stacking sequence. 
 





Figure 1.1 (a) Ball-and-stick atomic model of a hexagonal wurtzite (WZ) 
structure. (b) Ball-and-stick atomic model of a unit cell of cubic zinc blende (ZB) 
structure. In both cases the Zn2+ ions are represented by small blue spheres, while 
the chalcogenide anions are represented by large red spheres. 
  Caroff et al. pointed out in their discussion37 that one major parameter for the 
prediction of WZ or ZB phase stability in the bulk is the ionicity of chemical 
bonds.38,39 Considering that the two structures are identical up to the third nearest 
neighbor, the major energy difference between the two structures therefore comes 
from the electrostatic interaction between third-nearest-neighbor atoms, which is 
closer in the case of WZ compared to ZB, versus the opposing effect of steric 
hindrance with respect to the large anion size, which prevents a closer distance of 
interaction.40 Therefore, materials with high ionicity values and low steric 
hindrance would in general favor the formation of WZ structure, whereas those 
with relatively low ionicity and large steric hindrance would favor the ZB 
structure. The ionicity values, the anion radii, and the most stable bulk crystal 
structure at ambient conditions, together with other information are shown in 
Table 1.1 for the zinc chalcogenide materials. 
 




Table 1.1 Crystallographic and other information for zinc chalcogenide materials. 







ZnO 0.616 140 WZ n-type 3.37 
ZnS 0.623 184 ZB n-type 3.54 
ZnSe 0.676 198 ZB n-type 2.70 
ZnTe 0.546 221 ZB p-type 2.28 
 
  It could be seen from Table 1.1 that ZnO has a relatively large ionicity and the 
smallest O2- anion size, therefore its most stable form at ambient conditions is the 
WZ structure. ZnS and ZnSe also have relatively high ionicity values, but at the 
same time the steric hindrance is also relatively high due to their large anion radii. 
As a result, their most stable form at ambient conditions is the ZB structure. 
However, we would like to point out here that in fact both WZ and ZB structures 
are possible for these two compounds.41,42 ZnTe, with a relatively low ionicity 
value and very large Te2- anion size, crystallize undoubtedly in the ZB structure. 
1.2.2 Applications of zinc chalcogenide nanomaterials 
  Within the family of zinc chalcogenide nanomaterials, ZnO remains to be the 
star member that has attracted most intensive and unwavering research attention 
over more than one decade.43 Over the years, many interesting forms of ZnO 
nanostructures have been successfully synthesized.44-51 This material has a 




number of key advantageous properties, such as a high exciton binding energy of 
60 meV, a non-centrosymmetric crystal structure rendering the crystal 
piezoelectric, being non-toxic as well as biocompatible. These properties result in 
ZnO nanomaterials finding numerous applications in the field of piezoelectric 
energy harvesting,52-57 optoelectronic applications,58-60 as well as in a number of 
biological applications.61-63 
  Compared to ZnO, the other zinc chalcogenide nanomaterials, namely ZnS, 
ZnSe and ZnTe are less well studied, despite the fact that ZnS is one of the first 
semiconductors discovered.64 Researches carried out on these materials 
candidates mostly focus on photonic and optoelectronic applications, because 
their bandgaps (Eg), as shown in Table 1.1, nicely correspond to the UV (ZnS Eg 
~ 3.54 eV), blue (ZnSe Eg ~ 2.70 eV), and green (ZnTe Eg ~ 2.28 eV) part of the 
electromagnetic spectrum. Reports on their basic photonics research and their 
uses as light emitting diodes, laser diodes, nanoscale emitters and terahertz wave 
generators exist in the literature.65-69 
1.3 Thermal transport in nanomaterials 
  Thermal conduction within a material is mediated by the transport of heat 
carriers such as free electrons and quantized excitations of lattice vibration normal 
modes, also known as phonons. Whereas free electrons dominate thermal 
transport within metallic materials, it is phonons that constitute major heat carriers 
for thermal transport phenomena observed in non-metallic crystalline materials, 
including most semiconductors and insulators. Therefore studying and controlling 




thermal transport in non-metallic crystalline materials essentially boils down to 
the understanding and manipulation of phonon transport within these crystalline 
materials. 
  Under real lattice thermal transport situations, despite the fact of being driven by 
the presence of a thermal gradient, phonons do not exactly travel in straight paths. 
In fact, they constantly experience scattering events when encountering and 
interacting with other entities on the way, such as other phonons, impurity atoms, 
lattice defects, as well as lattice boundaries. It is such scattering events that create 
resistance to thermal transport and result in finite lattice thermal conductivities. 
  When materials sizes shrink and enter the nano-regime, it is necessary to pay 
particular attention to two important phonon characteristic length scales. The first 
is phonon mean free path, which is typically on the order of several tens of 
nanometers. When material dimensions approach the phonon mean free path, 
significantly enhanced phonon boundary scattering is expected to take place.70-74 
The second length scale of interest is the predominant phonon wavelength, which 
is on the order of one nanometer. When the size of a material is approaching this 
length scale, significant phonon confinement effects would be expected to come 
into play.75,76 As a general consequence of the above-mentioned effects, the lattice 
thermal conductance could be severely suppressed and reduced in nanomaterials 
systems. 
  One current active research area utilizing the effect of increased phonon 
boundary scattering is the development of nanomaterials with enhanced 




thermoelectric properties. These materials are expected to show enhanced 
efficiency in converting waste heat to electricity. Hochbaum et al.77 and Boukai et 
al.78 have simultaneously and independently shown that rough silicon nanowires 
exhibit enhanced thermoelectric performance. Soni et al. have demonstrated 
enhanced thermoelectric properties associated with solution grown Bi2Te3-xSex 
nanoplatelet composites.79 On the other hand, research has also been focusing on 
carbon nanotubes (CNTs). This is because boundary scattering is minimized and 
almost absent as a result of the unique crystal structure in CNTs, resulting in 
super high thermal conductivities.80,81 In addition, ballistic thermal conductance 
has also been considered in CNTs.82 Research on intriguing and abnormal thermal 
transport properties in graphene and other two-dimensional materials systems 
constitute yet another pillar of thermal transport research in nanomaterials 
nowadays.83,84 
1.4 Research motivation and objectives 
  Motivated by the above-mentioned series of key fundamental properties 
associated with the zinc chalcogenide family of materials, and the fact that each 
nanostructure form would have its own distinguished properties arising from its 
specific structure, this thesis sets out to explore complex single-material-
component-based nanostructures of selected zinc chalcogenides. Efforts would be 
firstly devoted to developing their synthetic strategies, followed by developing 
and conducting single-nanostructure-based characterizations that enable the 
establishment of correlation between the observed properties and their specific 




structures, and finally demonstrating their novel functionalities and potential 
applications. 
  Specifically, we have been choosing to work with complex nanostructures of 
ZnO and ZnTe from the zinc chalcogenide family. This is primarily due to the 
fact that being the first and last member of the series, ZnO and ZnTe exhibit well-
defined distinctive and distinguished materials properties from each other. As 
mentioned in Table 1.1 and the discussion therein, ZnO crystallizes almost 
exclusively in the WZ structure, while ZnTe most practically crystallizes in the 
ZB structure. The intermediate members of ZnS and ZnSe are, however, known to 
exhibit WZ-ZB polytypism, which means that depending on the specific synthesis 
procedure, there would be chances that the WZ and ZB segments for the same 
material could readily form and coexist within the same nanostructure, as detailed 
in ref. 41 and ref. 42. Although WZ-ZB polytypism could in principle generate 
varied and enormously useful materials properties,85,86 and indeed forms a very 
interesting research topic in its own right, their controlled synthesis requires some 
of the extremely complicated equipments.87 Therefore as far as practicality is 
concerned, they are beyond the scope of the current study. 
  As for ZnO nanostructures, using the technique of vapor phase transport 
employing the Vapor-Solid (VS) growth mechanism, we aim to synthesize and 
fabricate two types of complex nanostructures, namely coaxial multi-segment 
ZnO nanowires with distinctive segment diameters, as well as cleaved single-
segment ZnO nanowires where the segments are secured at the far ends, thereby 
allowing coupling at the central cleaving interface with an effective van der Waals 




type of interaction. In this thesis work, we would like to exclusively explore 
thermal conduction properties in these complex ZnO nanostructures. This is in 
part because numerous studies of ZnO nanostructures in diverse research fields 
ranging from piezoelectric energy harvesting to optoelectronics and biological 
applications already exist in the literature, as listed in the preceding sections. 
However, practically no experimental studies on the thermal transport properties 
in a single one-dimensional ZnO nanostructure (not even in a uniform nanowire 
form) have been reported at the time of undertaking of this thesis. This is 
primarily due to the challenge in fabricating an appropriate microscale test 
platform to host a single nanostructure and subsequently developing a proper set 
of procedures for the testing of thermal transport properties at the single 
nanostructure level. However, thermal transport at the nanoscale is an intriguing 
research topic for upcoming technologies, because nanostructures typically 
exhibit enhanced activities of phonon boundary scattering, resulting in a 
suppressed thermal conductivity not necessarily at the expense of electrical 
conductivity, thereby effectively enhancing the thermoelectric figure of merit.77 In 
our case, we have fabricated a micro-electro-thermal system (METS) 
nanostructure thermal transport property test fixture, and have also developed a 
scanning focused electron-beam heating technique to explore spatially-resolved 
thermal conduction properties in single multi-segment ZnO nanowires. At the 
same time, it is also possible to use a global heating technique to probe the 
thermal conduction characteristics of a single cleaved single-segment ZnO 
nanowire connected through effective van der Waals interactions. 




  Turning to ZnTe nanostructures, we notice that the cubic ZB phase in which 
ZnTe nanostructures crystallize is frequently associated with the interesting 
phenomenon of rotational twinning.88,89 A simplified picture of rotational 
twinning in ZB phase is the abrupt rotation of 180˚ of the growing segment 
around the growth axis with a layer-by-layer atomic stacking growing mode. We 
would like to explore the prospect and possibility of controlled occurrence of 
crystal twinning events during ZnTe nanostructure synthesis. In this thesis work, 
ZnTe nanostructures would be synthesized by a vapor transport technique 
employing a Vapor-Liquid-Solid (VLS) growth mechanism. Therefore, we aim to 
study factors in the VLS growth process that could potentially affect the crystal 
twinning phenomenon. The as-synthesized ZnTe nanostructures would be 
extensively characterized, especially with a set of structural characterization 
techniques. The optical properties of these nanostructures with complex atomic 
stacking pattern would be further investigated for new properties and potential 
new functionalities. 
1.5 Organization of the thesis 
  This thesis is organized as follows. In Chapter 2, the major synthesis setup used 
in the current work, including the parameters that are important to the process and 
the general influence of each parameter, will be discussed. The VS and VLS 
nanostructure growth mechanism that are employed for the nanostructure 
synthesis will be introduced at length, and an account of various techniques for 
general characterizations for the morphological, crystallographic and 
microstructural properties of the as-synthesized nanostructures will be provided. 




We then proceed to introduce the detailed layout of an METS test fixture for 
nanostructure thermal transport property determination and its modes of operation. 
This will be followed by a description of techniques for single-nanostructure-
based optical properties measurement. Chapter 3 presents the development of 
synthetic strategies in fabricating multi-segment ZnO nanowires with alignment 
and density control. The results on their spatially-resolved thermal conduction 
property measurement using the scanning focused electron-beam heating 
technique will be presented and discussed in the context of surface roughness 
associated with the synthesized nanostructures. Chapter 4 is devoted to the 
observation and measurement of a robust nanoscale bistable thermal conduction 
phenomenon using a cleaved ZnO nanowire as a thermomechanically tunable heat 
conduction channel. Results on device fabrication and its thermal cycling 
performance will be provided in detail alongside ab initio calculation results to 
elucidate the origin of the high performance. Chapter 5 shows an account of our 
attempts in synthesizing two-dimensional quasi-periodically twinned ZnTe 
nanoplates and studies of their optical properties. Chapter 6 summarizes the main 
results obtained throughout the thesis and points out some directions for future 
research efforts. 
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Chapter 2 Zinc Chalcogenide Nanomaterials Synthesis and 
Characterization Techniques 
  This chapter starts off with an overview of the synthesis procedure for zinc 
chalcogenide semiconductor nanostructures. The techniques used in the current 
study for synthesizing such nanostructures will be briefly introduced. These 
include a description of various constituent modules as well as optional add-ons to 
the experimental setup, thereby highlighting the versatility and complexity in 
systems design. Different experimental parameters that could be separately 
controlled will be identified, together with a qualitative discussion of the general 
effects on tuning such parameters. The second half of this chapter outlines 
techniques used to characterize the as-synthesized nanostructures, with a focus on 
probing their thermal transport properties, as well as vibrational and fluorescent 
properties. As will be shown in greater details in subsequent chapters, our 
synthesized nanostructures show intriguing performances and potential novel 
applications in these aspects. 
2.1 Chemical vapor deposition using a sealed horizontal tube 
furnace 
  In the current study, chemical vapor deposition (CVD) inside a sealed horizontal 
tube furnace constitutes the main method for synthesizing zinc chalcogenide 
semiconductor nanostructures. We would like to point out that different 
nomenclature variants for this nanostructure synthesis method exist in the 




literature, such as thermal evaporation, vapor phase transport, and chemical vapor 
transport and condensation. Sometimes they are used rather loosely and 
interchangeably. In order to show consistency and avoid confusion, we prefer and 
shall stick to the general term of CVD in this thesis, because almost all of such 
processes do involve chemical reactions to some extent, even in the case when a 
source powder is directly heated and vaporized, because the process of 
disproportionation is frequently involved in such cases. 
  A schematic drawing of a CVD system with a sealed horizontal tube furnace is 
shown in Figure 2.1. The central feature of this system consists of a resistively 
heated horizontal tube furnace (Carbolite CTF 12/75/700) with an inserted 
alumina work tube that can withstand high temperatures, typically up to 1100 °C. 
The alumina work tube is sealed at both ends. Its upstream side is connected to 
compressed gas cylinders with mass flow controllers (MFCs) to regulate gas flow 
inside the tube, while the downstream side is connected to a rotary vane pump to 
pump out exhaust gas and create a reduced-pressure environment during the 
synthesis of nanostructures. Various valves and pressure gauges help to maintain 
and monitor pressure inside the alumina tube throughout the durations of 
synthesis. 





Figure 2.1 Schematic drawing of a chemical vapor deposition (CVD) system with 
a sealed horizontal tube furnace. Different modules of the system are highlighted 
and labeled. 
  To ensure success and consistency in the synthesis of nanostructures from batch 
to batch, the first emphasis is placed on checking for system vacuum level and 
making sure that no leak could be detected along the system pathway. This could 
be carried out by pumping the entire system with all valves in fully open positions 
(including the MFCs switched to the purge position), while closing the 
compressed gas cylinders. In this manner the vacuum is applied all the way to the 
gas regulator connecting the gas pipeline to the compressed gas cylinder. While a 
rotary vane pump is sufficient and often used for such CVD processes (a turbo 
molecular pump is unnecessary in this case as the vapor pressure during 
nanostructure synthesis is often high enough to damage the pump), any final 
steady-state vacuum level better than 2 x 10-2 mbar (can be down to 6 x 10-3 mbar) 




as registered on the digital pressure gauge is regarded as an indication of a decent 
system connection with minimal leaking. 
  The system could be readily modified to realize pressure-specific synthesis of 
nanostructures at pressures ranging from atmospheric to sub-atmospheric levels. 
A backing valve (part H in Figure 2.1) is usually fitted above the rotary vane 
pump to regulate the degree of pumping and allows direct pressure regulation in 
the range of a few mbar. In order to carry out the synthesis of nanostructures at 
higher sub-atmospheric pressures, an additional needle valve (part G in Figure 2.1) 
could be installed in the downstream pipeline. The needle valve allows precise 
fine-tuning and stable pressure maintenance in the range from 10 mbar to a few 
hundred mbar. We note that at such elevated pressures the digital pressure gauge 
would not work properly, and for this reason a mechanical Bourdon gauge is 
installed to provide correct pressure readouts. To facilitate the synthesis of 
nanostructures at atmospheric pressure, two ideologies in system design often 
exist in the literature. The first design, as shown in Figure 2.2(a), involves the 
construction of two parallel exhaust pathways, one that is connected to a rotary 
vane pump, and the other directly leads to the exhaust pipe for atmospheric 
pressure processes. The system could be toggled between these two 
configurations upon controlling their respective cut-off valves (parts A and B in 
Figure 2.2(a)). The atmospheric pressure CVD processes could also be 
implemented simply by isolating the rotary vane pump and directly connecting 
the inlet and exhaust pipes, as indicated by the red arrow in Figure 2.2(b). 
 





Figure 2.2 Two designs of the dual atmospheric/sub-atmospheric pressure CVD 
setup. (a) Two interchangeable pathways for atmospheric and sub-atmospheric 
processes are constructed. They are switchable upon controlling their respective 
cut-off valves. (b) Atmospheric pressure CVD could also be realized simply by 
isolating the rotary vane pump and directly connecting the inlet pipe with the 
exhaust pipe. 
  Due to the large diameter (2 inch) of our alumina work tube, a small diameter 
(typically ½ inch) quartz tube containing both the source powder and the substrate 
is often inserted into the alumina work tube during actual nanostructure synthesis. 
In this respect, two different configurations for the quartz tube usually exist. As 
shown in Figure 2.3(a), the common configuration is by using a both-end-open 
quartz tube. The source powder is placed at the middle section of the tube which 
is placed at the highest temperature zone (as illustrated by the intensity of red 
color) of the furnace. The substrate is located at the downstream side. However, 
our experiment has shown that with this configuration, limited flow of the carrier 
gas through the small diameter quartz tube would result in the generated vapor 
tending to diffuse both forward and backward when the source powder starts to 
vaporize at elevated temperatures, thereby reducing nanostructure growth 
efficiency. Instead, we use an approach as illustrated in Figure 2.3(b) for our 




nanostructure synthesis process. A one-end-closed quartz tube is used in this 
configuration. The source powder is placed at the closed end of the tube at the 
middle of the furnace, with the open end of the tube facing gas flow. The 
substrate is now placed at a lower temperature zone at the upstream section of the 
tube. The advantage of this configuration is that the generated source vapor is 
forced to flow backwards across the substrate before it is eventually “washed” out 
of the small quartz tube by the carrier gas. With this configuration, the entirety of 
the generated source vapor would flow past the substrate and induce 
nanostructure nucleation and growth. 
 
Figure 2.3 Two different configurations for the choice of small quartz tube and 
the placement of source powder as well as substrate. (a) A both-end-open quartz 
tube. The source powder is placed at the middle of the tube with the substrate 
locating at the downstream side. (b) A one-end-closed quartz tube with its open 
end facing gas flow. The source powder is placed at the closed end of the tube and 
the substrate is placed at an upstream position. Intensity of red color indicates the 
temperature profile inside the alumina work tube under typical operating 
conditions. 




2.2 Implementing the Vapor-Solid and Vapor-Liquid-Solid 
nanostructure growth mechanisms 
  After describing the experimental setup for synthesizing nanostructures in the 
previous section, we would like to turn our attention to the growth substrate and 
discuss how the nanostructures can be grown on the substrates under experimental 
conditions. Nanostructures usually grow via either a Vapor-Solid (VS) or a 
Vapor-Liquid-Solid (VLS) mechanism with a CVD technique. 
2.2.1 The Vapor-Solid mechanism 
  The VS mechanism, as the name implies, involves a direct condensation of the 
source vapor to the solid phase in the presence of a temperature gradient, and the 
nanostructure growth mode in this case is basically a self-assembly process. Such 
a nanostructure growth procedure does not involve the use of a heterogeneous 
catalyst, therefore the growth products are often associated with ultra-high purity. 
However, as could be expected, the task of carrying out a controlled self-assembly 
process is not always a simple one. Ye et al. pointed out that the growth rate of 
surface planes and hence the final morphology of the nanostructures are 
determined both by the growth temperature and the gas-phase supersaturation.1 




ppS                                        (2.1) 
where p and p0 are the real gas-phase pressure and the equilibrium pressure with 
an infinite flat surface. The competition of capture of the impinged molecules by 




different surface planes under specific supersaturation determines the final 
morphology of the nanostructures, such as nanowires, nanorods, and nanobelts. 
  Upon outlining the system design for the CVD technique, we can immediately 
identify a list of variables that could be adjusted experimentally. These include 
the temperature of the source and the substrate, the distance between the source 
and the substrate, the heating rate of the furnace, the carrier gas flow rate, the 
growth pressure, the diameter of the small quartz tube, and the particle size of the 
starting source material. These parameters appear to be independent with respect 
to each other. However, we would like to point out in this section that these 
parameters are all essentially correlated with the above-mentioned central concept 
of gas-phase supersaturation for the growth of nanostructures using the VS 
mechanism.1,2 Under steady-state advection by the carrier gas, the typical 
supersaturation profile is illustrated in Figure 2.4.3 
 
Figure 2.4 A qualitative illustration of the typical gas-phase supersaturation 
profile under steady-state advection by the carrier gas. The effect of different 
carrier gas flow rates is also incorporated for comparison. 




  During nanostructure synthesis, the vapor pressure of the source material (p), 
and therefore the absolute scale of the supersaturation profile (as implied by 
Equation 2.1), is determined by the temperature of the source material. The vapor 
pressure increases exponentially with heating temperature. This means that there 
would be a gradual build-up of supersaturation locally at the substrate when the 
source material is heated to a higher temperature. In addition, the vapor pressure 
of the source material at a certain heating temperature could be further enhanced 
for solids with reduced particle sizes. It is well known that materials with small 
particle sizes, especially reaching sub-micron scales, would demonstrate 
significant melting point depression. Therefore, the use of nanomaterials as the 
source is equivalent to elevating the heating temperature of the source material. 
  Two parameters that are closely related to the exact shape of the supersaturation 
profile are the gas flow rate and the inner diameter of the small quartz tube. As 
illustrated in Figure 2.4, with a higher carrier gas flow rate as well as a smaller 
inner diameter of the quartz tube, the maximum supersaturation would reduce and 
would shift further away from the source material. 
  Placing the substrate at a certain definitive distance from the source material 
implies the selection of both a particular local supersaturation as well as a local 
deposition temperature. It has been empirically observed that when the substrate 
is placed relatively closer to the source material such that it experiences both 
relatively high supersaturation as well as high substrate temperatures, high density 
and homogeneous nucleation is usually observed, resulting in large area uniform 
growth. In contrast, when the substrate is placed relatively far away from the 




source material, the reduced supersaturation combined with lower substrate 
temperatures would generally result in the formation of low density, 
inhomogeneous nucleation of large crystals, which is also frequently associated 
with recrystallization and secondary growth. The initial nucleation process could 
be further controlled by the heating rate. A higher heating rate results in a higher 
nucleation rate and thus a more homogeneous nucleation process, while a lower 
heating rate usually causes a reduced nucleation rate with high dispersity of the 
final nanostructure morphology. 
  Keeping the above-mentioned factors in mind, we carried out detailed synthesis 
of various types of ZnO nanostructures via a VS mechanism in this thesis project. 
2.2.2 The Vapor-Liquid-Solid mechanism 
  The VLS mechanism was first reported by Wagner and Ellis in 1964 to explain 
the growth of Si nanowires using small Au particles.4 The central feature of this 
technique for the synthesis of nanostructures, which under most circumstances 
take the form of nanowires/nanorods, involves the employment of heterogeneous 
particles as catalyst particles. These particles, which frequently turn out to be 
particles of Au, are capable of forming alloys with the material to be grown; in 
Wagner and Ellis case, this corresponds to the formation of Au-Si alloy. Such 
alloys usually exhibit a drastically reduced melting point compared to the material 
to be grown, such that at an intermediate growth temperature, the alloys exist as 
liquid droplets and serve as material sink for the incoming gas-phase vapor. The 
continuous feeding of vapor in the gas phase would eventually lead to 




supersaturation inside the alloy liquid droplet, and the material to be grown will 
precipitate out at the bottom of the liquid alloy droplet as solid segments, thereby 
forming nanowires/nanorods, pushing the liquid alloy droplet upwards in the 
course. The growth procedure for Si nanowires using the VLS mechanism 
originally reported by Wagner and Ellis is schematically shown in Figure 2.5. 
 
Figure 2.5 Schematic illustration of Si nanowires growth via the VLS mechanism 
adapted from the original work by Wagner and Ellis in ref. 4. (a) Initial condition 
with the formation of Au-Si liquid droplet on the substrate. (b) Growing crystal 
with the liquid droplet at the tip. 
  Ideally, there are 3 important mass transport steps involved in the typical VLS 
process. As shown in Figure 2.6(a), these consist of: (1) the impingement and 
adsorption of the growing material species on the nanosized catalyst droplet 
surface; (2) the dissolution of the material species into the catalyst surface to form 
an alloy droplet; (3) the diffusion of the material species inside the alloy droplet 
towards the liquid-solid interface leading to final precipitation and crystal growth. 
It is by assuming this set of mass transport pathways that the prevailing amount of 
literatures conclude that the resulting nanowire diameter is completely dictated by 




the catalyst particle size for a VLS growth process. However, we would like to 
point out here that in a real VLS process, the adsorption of the growing material 
species could also take place on the side surface of the growing nanostructure, as 
argued by Hao et al.2 and Jenson et al.5. Such mass transport processes are 
highlighted as red in Figure 2.6(b). It is possible to modulate this mass diffusion 
component through varying experimental conditions in a not straightforward 
manner, thereby obtaining nanowires with variable diameters or hierarchically 
complex nanostructure variants in the process. 
 
Figure 2.6 Schematic illustration showing mass transport pathways for a VLS 
process. (a) In an ideal VLS process, the source material is transported through 
the liquid droplet to the growing interface. (b) In a real VLS process, mass 
transport along the side surface of the growing nanostructure also needs to be 
taken into account. (adapted from ref. 2) 
  Another issue associated with nanostructure growth utilizing the VLS 
mechanism is catalyst particle incorporation in the synthesized nanostructure. 
Nowadays, with the advancement in atomic-level Z-contrast imaging using the 
Scanning Transmission Electron Microscope (STEM) based High Angle Annular 




Dark Field (HAADF) imaging, it is possible to detect single Au atoms 
incorporated in a VLS-grown Si nanowire, as shown in Figure 2.7.6 Catalyst 
atoms incorporated into the growing nanostructures are viewed as impurity atoms, 
and could have detrimental effects on the performance of the as-grown 
nanostructures, as shown by Tambe et al..7 We carried out synthesis of ZnTe-
based nanostructures using a VLS approach in this thesis project. 
 
Figure 2.7 A colored Scanning Transmission Electron Microscope (STEM) based 
High Angle Annular Dark Field (HAADF) image showing impurity Au atoms 
(bright spots) trapped inside an intrinsic Si nanowire grown with the VLS 
mechanism. (adapted from ref. 6) 
2.3 Seed layer deposition by pulsed laser deposition 
  In this thesis work, we used a pulsed laser deposition (PLD) technique to pre-
deposit a highly textured ZnO seed layer on top of appropriate substrates for the 
subsequent highly regulated growth of ZnO nanowires via a VS mechanism with 
the tube-furnace-based CVD technique. The PLD technique was selected 
considering that it is a well-known technique for depositing highly textured thin 




films with specific thickness. This technique ensures stoichiometric transfer from 
the target material to the growing thin film and works particularly well with oxide 
materials. 
  The major components of a PLD setup are illustrated in the schematic drawing 
in Figure 2.8. An external pulsed beam of 248 nm KrF UV laser with high power 
(about 300 mJ/pulse) and low pulsing frequency (typically with a 5 Hz or 10 Hz 
repetition frequency with each pulse having ps temporal width) is directed to 
irradiate a rotating target inside a vacuum chamber after being focused by a 
focusing lens and passing through a quartz window on the chamber. The laser 
beam could optionally be made to raster the target surface with the placement of 
an additional rastering mirror located in between the focusing lens and the laser 
entrance window (not shown here). The target material of ZnO, in this case taking 
the form of a ceramic disk, has a very high optical absorption coefficient for the 
UV light, such that the surface layer on the target could temporarily reach a 
temperature of over 3000 K upon focused laser irradiation. This would 
instantaneously sublime the material at the target surface and create a plasma 
plume away from the target. Appropriate substrates, often placed on a rotating 
heated substrate holder, are located in the pathway of the plasma plume such that 
the particles can condense on the substrate, nucleate and grow into thin films. 
 





Figure 2.8 Schematic drawing of a pulsed laser deposition (PLD) setup. Different 
key parts of the system are labeled. 
  By using an external laser beam to irradiate surface layers of the target, 
excessive heating of the entire target, which always causes unwanted outgassing 
problems, is circumvented. Therefore, the PLD technique is a relatively "clean" 
technique. The thickness of the growing thin film could be conveniently 
controlled by monitoring the total number of impinging laser pulses. However, 
care has to be taken such that the selected energy of laser pulses is not too high; 
otherwise atomic clusters and particulates would be ablated, which would result in 
the formation of thin films with drastically enhanced surface roughness. Another 
associated issue with this technique is materials deposition on the inner surface of 
the laser entrance window during film deposition processes. The deposited layer 
on the laser entrance window would partially absorb the incoming laser energy so 
that the real laser energy per pulse received on the target surface could be 
significantly lower than the incoming value. This problem could be particularly 
severe when a thick layer of unwanted film is deposited on the laser entrance 
window after repeated deposition experiments. For the deposition of oxide 




materials, since oxygen will be partially lost when the material is ablated to form 
the plasma plume, the deposition chamber is always filled with an appropriate 
oxygen background pressure to compensate for the partial oxygen loss for the film 
deposition. 
  Two PLD setups are primarily used in the current thesis work, including a 
Neocera PLD system and a PLD/MBE-2300 system from PVD Products, Inc. 
While the PLD/MBE-2300 system has all optional features installed, the Neocera 
PLD system is not equipped with a laser rastering mirror and rotating substrate 
holder, such that the deposited film does exhibit a gradual variation of film 
thickness across the substrate surface. But as we shall show in the subsequent 
chapters, the ZnO nanowire growth characteristics seem to be rather tolerant on 
the slight variation of film thickness within an appropriate range. 
2.4 General characterization techniques 
  The as-synthesized nanostructures as well as any starting seed layers are 
conveniently characterized with a series of general characterization techniques, 
including scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), and X-ray diffraction (XRD) analysis. 
  SEM is perhaps the most convenient and heavily used technique for obtaining 
morphological information of nanostructured materials. In our experiments we 
use a JOEL JSM-6700F field-emission SEM operated in the secondary electron 
imaging mode to obtain morphological images about the samples. The resolution 
of SEM is a few nm. 




  TEM is a powerful imaging technique that allows high-resolution lattice-fringe 
imaging for nanomaterials. We use a Philips CM300 TEM operated with an 
accelerating voltage of 300 kV. This equipment is capable of resolving atomic 
columns with a separation of 0.14 nm. Other than imaging capabilities, this 
facility is also capable of carrying out selected-area electron diffraction (SAED) 
and has the attachment for energy-dispersive X-ray analysis (EDX) measurements. 
  The crystallographic information is obtained through XRD measurements. In our 
experiments, we have used a PANalytical Empyrean XRD operated with Cu Kα 
radiation with a wavelength of 1.5418 Å. We have also conducted synchrotron-
based XRD measurements using the XDD beamline at Singapore Synchrotron 
Light Source (SSLS) with a beam energy of 8.048 keV. 
2.5 Use of a micro-electro-thermal system test fixture for exploring 
thermal transport properties of individual nanostructures 
  The generation of a known amount of heat through a specimen and the ability to 
subsequently monitor the resulting temperature profiles are the two indispensable 
components when attempting to measure thermal transport properties of a 
material. While the measurement for bulk materials is relatively straightforward 
in this regard, the development of an appropriate methodology and 
instrumentation for the measurement of thermal transport properties of an isolated 
single nanostructure with high accuracy and sensitivity is a challenging task. 
  Two general methods emerged recently for the measurement of thermal transport 
properties of a nanostructure. The first method is the so-called 3-ω method.8 In 




this method, an ac electric current in a sinusoid form of I0sinωt is passed through 
a test specimen to induce a temperature raise, and therefore an electrical 
resistance change with a frequency of 2ω. This would further lead to a voltage 
modulation with a frequency of 3ω across the test specimen. The 3ω voltage 
signal could be picked up using a digital lock-in amplifier, and is shown to relate 
to the thermal conductivity of the test structure when it assumes a one-





4                                    (2.2) 
where κ is the thermal conductivity of the test specimen, R, R', L, and A denote 
electrical resistance, differential temperature coefficient of resistance (R' = dR/dT), 
length and cross-sectional area of the test specimen. Since it is necessary to pass 
electric current across the sample for the successful implementation of this 
scheme, one significant drawback of such a method is that it requires samples 
with decent electric conductivity, therefore does not work well with undoped 
semiconductor nanostructures, which are the subjects under study in this thesis. 
  The second method involves the use of a micro-electro-thermal system (METS) 
test fixture for the measurement of thermal transport properties of isolated 
individual nanostructures, first reported by Shi et al. in 2003.9 The essence of this 
method lies in the creation of a micro-sized thermally isolated test bed that 
simultaneously integrates a local heater and temperature sensors together with the 
test sample. The use of an METS test fixture has nowadays become a widely 
accepted technique for the determination of thermal transport properties of an 




isolated single nanostructure. In this thesis work, we used a modified METS test 
fixture with improved performance fabricated with standard 
microelectromechnical system (MEMS) processing procedures. As shown in the 
low magnification SEM image in Figure 2.9, the most prominent feature of our 
METS test fixture is the construction of two 300 nm thick fully suspended SiNx 
membranes, which are arbitrarily termed heater and sensor islands. The test 
nanostructure is meticulously placed to bridge across the islands. A Pt coil with 
60 nm thickness is deposited on each of the heater/sensor islands in close 
proximity to the test nanostructure through standard photolithography. They serve 
as platinum resistance thermometers (PRTs) and simultaneously enable localized 
heating and temperature sensing across a single nanowire conduction channel 
through real-time PRT resistance profile monitoring. As shown in the zoom-in 
view in Figure 2.9, this is achieved by carrying out four-point electric resistance 
measurements using ports 1-4 for the PRT on the left membrane and ports 5-8 for 
the PRT on the right membrane. To thermally isolate and ensure uniform 
temperature distribution on the heater and sensor islands, the entire heater/sensor 
islands are suspended by 12 elongated SiNx beams (with a length of 400 μm and 
width of 2 μm each) with high thermal resistance from the substrate, where larger 
electrodes for electrical lead-out are fabricated. The METS device is usually 
tested under high vacuum conditions such that the locally produced heat is forced 
to conduct through the nanostructure conduction channel between the 
heater/sensor islands. In this case, the heat transfer mechanism of convection 




could be neglected, and the heat transfer mechanism of radiation would be 
unimportant for small amounts of local heat produced. 
 
Figure 2.9 A low magnification SEM image of a micro-electro-thermal system 
test fixture for exploring thermal transport properties of individual nanostructures. 
The SEM image on the right is a zoom-in image of detailed arrangements on the 
fully suspended heater/sensor islands. A test nanowire is placed to bridge across 
the heater/sensor islands. Different ports for the temperature monitoring for the 
heater/sensor islands through electrical resistance measurements are labeled. 
  As schematically shown in Figure 2.10, there are 3 modes of operation for our 
METS devices. An electric current could be passed in one of the PRTs (as 
indicated by the white arrows in Figure 2.10(a)) to induce Joule heating in the 
heater island. Using this "global heating" technique, the total thermal resistance 
across the heater and sensor islands could be measured, which includes 
contributions from distributed internal thermal resistance of the heater/sensor 
islands, nanowire contact thermal resistance (highlighted by the two yellow 
patches), as well as the true thermal resistance of the nanowire conduction 
channel. Alternatively, the METS device could be heated with a spatially-resolved 
scanning electron-beam heating technique. This is usually achieved inside an 




SEM chamber. As shown in Figure 2.10 (b), when the focused electron-beam is 
scanned across the heater/sensor island regions, accumulated thermal resistance 
corresponding to the distributed internal thermal resistance of the membranes as 
well as contact thermal resistance could be obtained. When the electron-beam is 
focused onto and scanned along the nanowire as shown in Figure 2.10(c), 
information on spatially-resolved thermal resistance along the length of the 
nanowire could be obtained. 
 
 





Figure 2.10 Three different modes of operation for the METS device. (a) A 
"global heating" configuration, where an electric current flows in one of the Pt 
coils, thereby inducing Joule heating of the entire membrane and heat transfer 
across the nanowire conduction channel. (b) A localized electron-beam heating 
configuration, where a focused electron-beam is scanned along the heater/sensor 
islands to the nanowire contact area. (c) A localized electron-beam heating 
configuration, where the focused electron-beam is scanned along the length of the 
nanowire conduction channel. 
2.6 Micro-photoluminescence and micro-Raman spectroscopy 
  Photoluminescence (PL) spectroscopy is a technique that probes the luminescent 
properties of a test sample. It involves irradiating the test sample with a laser with 
high photon energy (commonly a UV laser) and detecting fluorescence signals 
usually having longer wavelengths compared to the excitation wavelength. In this 
thesis work, a Renishaw inVia Raman Microscpe with an integrated optical 
microscope is used to obtain PL spectra from a micrometer-sized region on the 
test sample. A Kimmon 1K Series He-Cd laser with a wavelength of 325 nm 
(corresponding photon energy of 3.82 eV) and an alternative Ar+ laser with an 
excitation wavelength of 488 nm are both used as the excitation source and are 




focused by a 40X UV-compatible objective lens onto the test sample. The room-
temperature micro-PL spectra are collected in a backscattering geometry with a 
deep-depletion charge-coupled device (CCD) detector after passing through the 
corresponding edge filters. 
  Raman spectroscopy is a spectroscopic technique that yields rich information on 
the vibrational properties of the test sample. In this thesis work, room-temperature 
micro-Raman spectra are obtained by using the same Renishaw inVia Raman 
Microscope setup, except that a 532 nm laser is used as the excitation source and 
focused onto the test sample with a 50X objective lens. On the detection side, a 
532 nm edge filter is used to filter out Rayleigh scattered light in the 
backscattered light signal. 
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Chapter 3 Synthesis of Segmented ZnO Nanowires and 
Investigation of Their Spatially-Resolved Thermal Transport 
Properties 
  This chapter is divided into two major parts. In the first part, we present the 
development of synthetic strategies in achieving vertically-aligned multi-segment 
ZnO nanowire arrays, which represent an enhanced level of complexity and 
integration compared to their single-segment predecessors. An epilayer deposited 
by pulsed laser deposition (PLD) is shown to enable the production of vertical 
ZnO nanowire arrays on various substrates. Employing the concept of 
homoepitaxial re-growth, additional segments were sequentially built up using as-
grown single-segment ZnO nanowires as growth templates through repeated 
simultaneous radial and axial epitaxy in successive single growth cycles. In the 
second part of this chapter, we employ a newly-developed scanning electron-
beam heating technique to probe the thermal conduction properties of individual 
segmented ZnO nanowires. We give an account of the measurement principle and 
scheme, show the robustness of the technique in generating spatially-resolved 
information, and provide measurement results obtained at room temperature with 
relevant discussions. 
3.1 Introduction 
  From a materials perspective, many compositionally and structurally 
homogeneous materials with at least one of the dimensions in the 1-100 nm range 
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have been successfully synthesized over the past two decades following the 
emergence of nanotechnology as a field in the 1980s.1 Within the pool of 
nanomaterials, classification could be made according to their dimensionality, 
which could be broadly categorized into two-dimensional atomically-layered 
materials, one-dimensional nanowires and nanorods, as well as zero-dimensional 
quantum dots.2 Nowadays, while efforts in understanding and achieving large-
scale, high-quality and cost-effective synthesis for each individual type of 
nanomaterials have persisted, an increasing amount of attention has also been paid 
to the development of synthetic protocols for the realization of tailor-made multi-
component functional nanosystems.3 For instance, complex nanosystems for 
achieving ultra-high speed graphene transistors,4 plasmonic lasers at deep 
subwavelength scale,5 autonomous nanomotors in aqueous solutions propelled by 
locally generated fields and chemical gradients,6-8 as well as artificial 
photosynthesis 9 have recently been demonstrated, showcasing their tremendous 
potential for application in diverse fields ranging from electronics and photonics 
to energy applications. 
  One of the dominant techniques currently used in synthesizing high-crystalline-
quality multi-component functional materials systems and architectures is epitaxy, 
which refers to the process of depositing a crystalline overlayer on a crystalline 
substrate with a clear registry between the two.10 Unlike planar structures, if we 
start with upright one-dimensional nanowires anchored on their growth substrates, 
one immediately realizes that epitaxy could take place along two independent 
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directions with respect to the nanowire, namely the radial direction and the axial 
direction. The geometrical layout is illustrated in Figure 3.1(a). 
  On one hand, heteroepitaxy with different materials along the radial direction, as 
schematically shown in Figure 3.1(b), yields core-shell type nanowire variants. 
For example, Lauhon et al. demonstrated the successful synthesis of a series of 
silicon and germanium core-shell and core-multi-shell nanowire heterostructures 
and constructed a high-performance coaxially gated field-effect transistor using 
such heterostructures as active components.11 Qian et al. reported the epitaxial 
growth of highly uniform and well-defined (InGaN/GaN)n quantum wells on 
triangular GaN nanowire cores with various quntum well number n and InGaN 
well thickness of 1-3 nm, and show that the resulting core-multi-shell 
heterostructure exhibits InGaN composition-dependent wavelength-selective 
lasing from 365 nm to 494 nm. The lasing threshold is dictated by the quantum 
well number n.12 On the other hand, heteroepitaxy from the top atomic plane of 
the nanowire growing in an axial direction typically yields segmented complex 
nanowires with similar diameters across each segment, as represented in Figure 
3.1(c). Gudiksen et al. used this concept in the construction of axial composition-
modulated GaAs/GaP superlattices as well as doping-modulated n-Si/p-Si and n-
InP/p-InP nanowires, and discovered a range of new properties from single-
nanowire photoluminescence, electrical transport and electroluminescence 
measurements.13 Kempa et al. fabricated single and tandem photovoltaic devices 
based on axial modulation-doped p-i-n and tandem p-i-n+-p+-i-n superstructured 
Si nanowires.14 
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  A third possibility yet exists regarding epitaxial growth from anchored 
nanowires. If epitaxial growth in both radial and axial directions could 
simultaneously be achieved, then successive homoepitaxy growth steps with the 
same material would effectively result in the formation of one-dimensional 
hierarchically segmented nanowires. The diameter could be expected to remain 
uniform within each segment of the overall composite nanostructure, but would 
switch abruptly and monotonically upon encountering boundaries between 
segments. Such a scenario is illustrated in Figure 3.1(d). 
 
Figure 3.1 (a) Geometrical layouts of possible directions for epitaxial growth 
based on an anchored nanowire. (b) Heteroepitaxial growth along the radial 
direction results in core-shell type nanowires. Here the parent nanowire with two 
different thin shell structures are drawn. (c) Heteroepitaxial growth along the axial 
direction results in segmented type nanowires. Here the parent nanowire with two 
other segments are drawn. (d) Homoepitaxial growth simultaneously along both 
radial and axial directions results in multi-segment nanowires with distinct and 
monotonically varying diameters. 
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  Fan et al. used ordered arrays of novel dual-diameter Ge nanopillars to enhance the 
broad band optical absorption efficiency.15 Their design used the small diameter top 
portion of the hierarchical structure to achieve minimal reflectance and the large diameter 
base part for maximal effective light absorption. Although the synthesis of their dual-
diameter Ge nanopillars involves a different anodized-alumina-membranes (AAM) 
template based technique, the results still underscores the importance and usefulness of 
such variable-diameter segmented one-dimensional nanostructures. On a different note, 
the formation of multi-segment nanowires with variable diameters in each segment also 
creates junctions with asymmetrical geometrical shapes. It has been theoretically argued 
that the presence of these asymmetrical junctions could serve as a source for 
asymmetrical phonon scattering, thereby generating rectification behavior in their 
transport properties.16,17 
  In this chapter, we set out to develop a method based on the homoepitaxial re-growth 
procedure briefly outlined in Figure 3.1(d) to synthesize vertically-aligned multi-
segment ZnO nanowires on a number of common substrates. Our method employs the 
Vapor-Solid (VS) nanostructure growth mechanism, which is a completely atomic-self-
assembly-based process. We notice that there are a few recently-published attempts in 
synthesizing ZnO materials with similar structures.18,19 However, these works were done 
either by employing a Vapor-Liquid-Solid (VLS) growth mechanism, or only achieved 
randomly-aligned ZnO superstructures with bulk dimensions. Besides materials synthesis, 
we will also attempt to measure the spatially-resolved thermal conduction properties of 
individual synthesized multi-segment ZnO nanowires. 
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3.2 Synthesis of vertically-oriented segmented ZnO nanowires via a 
templated homoepitaxial re-growth approach 
  In this thesis work, we developed a synthetic protocol that enables the 
production of vertically-oriented multi-segment ZnO nanowires on two types of 
commonly-used crystalline substrates, namely Si (100) and sapphire (both a- and 
c-sapphire) substrates. Our synthetic protocol consists of two major steps, the first 
of which is the deposition of a ZnO epilayer by the PLD technique, subsequently 
followed by repeated ZnO nanowire growth cycles using a carbothermal reduction 
and vapor phase transport technique. Figure 3.2 shows a detailed step-by-step 
schematic of our synthetic protocol. 
 
Figure 3.2 Detailed step-by-step schematic of the developed synthetic protocol 
for growing vertically-oriented multi-segment ZnO nanowire arrays on a number 
of selected substrates. 
  The PLD technique is among the well-known techniques for producing highly 
textured ZnO thin films on a number of substrates.20,21 But more importantly, we 
discovered that ZnO thin films deposited with this technique are able to act as 
seed layers to induce vertically-oriented, and in the case with sapphire substrates, 
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density-controlled ZnO nanowire arrays on the top surface of the substrates. A 
Lambda Physik KrF excimer laser with a wavelength of 248 nm and a pulse width 
of 25 ns was used for the ablation process. The optimal parameters for the PLD 
process are listed in Table 3.1, and the thickness of the ZnO thin films deposited 
with this set of parameters is typically 50 nm - 150 nm. 
Table 3.1 Optimized parameters for the PLD process. 
Parameter Value 
Deposition temperature 700 °C - 800 °C 
Laser pulse energy 200 mJ - 300 mJ 
Pulse repetition rate 5 Hz or 10 Hz 
Deposition time 15 min - 30 min 
Oxygen background pressure 0.15 mTorr - 0.4 mTorr 
Target-to-substrate distance 8 cm - 10 cm 
 
  We would like to point out here that according to Leuchtner22 and Kawaguchi et 
al.,23 who performed experimental investigation of the laser plume composition 
from a ZnO target, monatomic neutral excited Zn and O atoms, as well as ions are 
the major constituents of the laser plume. Due to the loss of gaseous O species in 
the process, an O2 background pressure needs to be maintained during the PLD 
deposition. The choice of injected O2 background pressure level is dependent on 
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the incoming laser plume flux, which in turn is positively correlated with the 
ablation laser pulse energy. For our PLD process, we have chosen an intermediate 
laser pulse energy of 200 mJ - 300 mJ, which is high enough to exceed the 
ablation threshold of ZnO22 but not reaching too high an intensity to ablate 
substantial amount of atomic clusters out in the process. We have also chosen a 
relatively low O2 background pressure of sub-1 mTorr. As will be further 
elaborated in the following subsections, it is intriguing that the purposeful choice 
of low O2 background pressures would have an impact on the nucleation sites and 
the growth mode for subsequent ZnO nanowire growths, depending on the 
specific choice of growth substrate. 
  After ZnO epilayer deposition, the substrates were subjected to ZnO nanowire 
growth inside a horizontal tube furnace (Carbolite CTF 12/75/700). Table 3.2 lists 
typical parameters for each single CVD process step. Such CVD growth steps 
were repeated with exactly identical parameters to obtain multi-segment ZnO 
nanowires. As we shall see, a relatively high supersaturation is the key to produce 
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Table 3.2 Typical parameters for each single CVD process step for growing ZnO 
nanowires. 
Parameter Value 
Source powder 0.30 g - 0.40 g, ZnO : graphite 1 : 1 atomic ratio 
Growth temperature 900 °C 
Heating rate 25 °C/min - 40 °C/min 
Growth time 5 min - 10 min 
Growth pressure 10 Torr - 50 Torr 
Gas flow Ar mixed with 0.2% O2 at 80 sccm 
 
  Details of the growth results for both the seed layer deposition and subsequent 
nanowire synthesis will be presented in the following subsections for Si (100) 
substrates and sapphire substrates respectively. 
3.2.1 Results on Si (100) substrates 
  ZnO thin films were successfully deposited onto up to 2-inch Si (100) substrates. 
As shown in Figure 3.3(a), with both target raster and substrate rotation 
capabilities, the deposited ZnO film exhibits high uniformity in thickness, as 
indicated by the identical film-thickness-dependent interference color across the 
entire film. Figure 3.3(b) shows a top-view SEM image of the ZnO film surface. 
Grains with grain sizes of approximately 50 nm can be seen covering the entire 
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surface, indicating the polycrystalline nature of the film. Figure 3.3(c) shows a 
cross-sectional SEM image, which reveals a uniform film thickness of 110 nm for 
this particular sample. 
 
Figure 3.3 (a) Digital camera image of a PLD-deposited ZnO film on a Si (100) 
substrate. (b) A top-view SEM image of the ZnO film surface. Grains with sizes 
about 50 nm can be seen covering the surface. (c) A cross-sectional SEM image 
of the ZnO film showing a film thickness of about 110 nm. 
  XRD analysis was performed on the as-deposited ZnO film. As shown in Figure 
3.4(a), the locked-coupled (θ-2θ mode) XRD diffractogram of the deposited ZnO 
film on a Si (100) substrate after Kα2 stripping consists of mainly 3 detectable 
peaks, corresponding to hexagonal ZnO (0002), cubic Si (400) from the substrate, 
as well as ZnO (0004) planes. Figure 3.4(b) shows a ω-rocking curve for the ZnO 
(0002) peak. The full width at half maximum (FWHM) of the ω-rocking curve is 
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determined to be 1.86°. These results confirm that the PLD-deposited ZnO film 
on Si (100) substrates is highly anisotropic and c-axis textured. These results are 
in agreement with Heitsch et al., who demonstrated that due to the oxidizing 
growth regime during the ZnO PLD process, the top surface of the Si substrate 
tends to oxidize and the resulting amorphous SiO2 layer formed prevents epitaxial 
ZnO growth, therefore no preferential azimuthal in-plane orientation relating to 
the Si substrate could be observed.24 
 
Figure 3.4 (a) Locked-coupled (θ-2θ mode) XRD diffractogram of the PLD-
deposited ZnO film on a Si (100) substrate after Kα2 stripping. The result shows 
that the film is highly c-axis textured. (b) ω-rocking curve for the ZnO (0002) 
peak showing a FWHM of 1.86°. 
Chapter 3 Synthesis of Segmented ZnO Nanowires and Investigation of Their Spatially-




  The PLD-deposited ZnO film on Si (100) substrates was used as the seed layer 
and subjected to a single ZnO nanowire growth cycle first to study the nanowire 
growth behavior. As shown in the cross-sectional SEM image in Figure 3.5(a), the 
bottom layer has thickened to about 1.2 μm with a columnar structure during the 
nanowire growth process, and indeed vertically-aligned ZnO nanowire arrays with 
a length of approximately 5 μm grow on top of the bottom layer. On close 
examination with a 10°-tilted SEM image as shown in Figure 3.5(b), what 
actually formed on the bottom layer seems to be a network of vertically-aligned 
ZnO nano-ridges, and it is intriguing to note that the nanowires grow specifically 
at the junctions where these nano-ridges meet each other. Figure 3.5(c) shows a 
top-view SEM image, which reveals more details of the network of ZnO nano-
ridges on the bottom layer. A few cracks could be observed to run through the 
bottom layer, which were presumably produced due to thermal expansion and 
contraction through the nanowire growth process. It also confirms the perfect 
vertical alignment of the as-grown ZnO nanowires, such that only the top cross-
sectional surface of each nanowire could be observed in the image. One 
consequence of the preferential nanowire growth sites at the junctions of the ZnO 
nano-ridges network is that the nanowire density is effectively hardly tunable, 
because the network pattern is most likely controlled by the underlying seed layer 
and stayed almost fixed in our nanowire synthesis experiments with varying 
growth conditions. As shown in Figure 3.5(c), the nanowire-to-nanowire 
separation is on average between 200 nm and 300 nm. 
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Figure 3.5 (a) A cross-sectional SEM image of the single-segment ZnO 
nanowires grown on the ZnO seed layer on top of a Si (100) substrate. The length 
of the nanowire is about 5 μm and the bottom layer has thickened to 
approximately 1.2 μm in the process. (b) A 10°-tilt SEM image of the same 
sample showing the formation of a network of ZnO nano-ridges at the bottom. 
The ZnO nanowires grow out at the junctions where these nano-ridges meet. (c) A 
top-view SEM image of the same sample, showing clearly the details of the nano-
ridges and the perfect vertical alignment of the as-grown ZnO nanowires so that 
only the top surface of each nanowire could be observed. 
  We also studied the influence of ZnO seed layer thickness on the resulted 
nanowire alignment by depositing ZnO seed layers with a non-uniform thickness 
distribution across the film. This was achieved with a Neocera PLD setup that 
only provides target rotation capability, while neither target raster nor is substrate 
rotation available. Figure 3.6(a) shows a zoom-in cross-sectional SEM image 
detailing the region where the seed layer thickness is observed to start decreasing. 
Figure 3.6(b) shows a cross-sectional SEM image of the corresponding region 
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after nanowire growth. It is clearly observed that the nanowire alignment starts to 
deteriorate from left to right for seed layer thickness below a critical value. In our 
case, the critical seed layer thickness to keep perfect vertical nanowire alignment 
is determined to be about 30 nm – 50 nm. As expected, the nanowire alignment is 
completely lost without the presence of the seed layer, as shown at the right side 
of the image. 
 
Figure 3.6 (a) A zoom-in cross-sectional SEM image showing the region where 
the seed layer thickness starts to diminish. The red lines are drawn for visual 
guidance. (b) A cross-sectional SEM image showing the dependence of the ZnO 
nanowire alignment on the seed layer thickness. The nanowire alignment is 
observed to deteriorate for seed layer thickness below a critical value, which is 
determined to be about 30 nm – 50 nm. The alignment is completely lost with 
very little seed layer coverage, as shown at the right side of the image. 
  With the above knowledge, repeated nanowire growth cycles were carried out on 
ZnO seed layers with an appropriate thickness. As shown in the series of SEM 
images taken in a 10° tilted angle in Figure 3.7, under relatively high 
supersaturation conditions in the CVD process, vertically-oriented multi-segment 
ZnO nanowire arrays could readily be obtained with similar segment lengths (in 
fact about 4 μm to 5 μm, only appeared short due to small tilt angle when the 
images were taken) and distinct segment diameters. As expected, the segment 
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number is simply in accordance to the number of growth cycles carried out. It 
seems that the only drawback of the current synthesis scheme is related to the 
high and uncontrollable nanowire number density. It could be seen in Figure 3.7(d) 
that some tip portions of the 4-segment ZnO nanowires start to get entangled with 
each other due to their close proximity and grow in a wild manner thereafter 
without preferential orientation. 
 
Figure 3.7 (a-d) 10°-tilt SEM images showing vertically-aligned 1-segment, 2-
segment, 3-segment and 4-segment ZnO nanowire arrays grown on ZnO seed 
layers on Si (100) substrates using a homoepitaxial regrowth technique 
corresponding to 1, 2, 3 and 4 growth cycles. 
  In addition, we also investigated the effects of low supersaturation conditions in 
the CVD process on the synthesis of segmented ZnO nanowires. This could be 
conveniently achieved by using less proportion of graphite in the reaction source 
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powder mixture, or using graphite powder with larger particle sizes. As shown in 
Figure 3.8(a), under low supersaturaton conditions, the single-segment ZnO 
nanowire arrays synthesized in the first growth cycle tend to have an enlarged 
prevailing diameter of approximately 200 nm as compared to that of about 100 
nm synthesized under high supersaturation conditions. As shown in Figure 3.8(b), 
upon subjecting such nanowire arrays to a second growth cycle, two major 
observations could be made, namely that the length of the top segment is short, 
and the 2 segments do not really possess very distinctively different diameters. 
We think that such results are consistent with the assumption that a low 
supersaturation would result in a reduced atomic impingement flux rate, a reduced 
atomic incorporation rate, as well as a reduced anisotropic growth rate for ZnO. 
Therefore, it appears that the morphological details of the multi-segment ZnO 
nanowire arrays could be readily fine-tuned by controlling the exact 




Chapter 3 Synthesis of Segmented ZnO Nanowires and Investigation of Their Spatially-





Figure 3.8 Investigation of a low supersaturation in the CVD process on the 
synthesis of segmented ZnO nanowires. (a) A 25°-tilt SEM image of the single-
segment ZnO nanowire arrays grown under low supersaturation conditions. The 
nanowires appear to have a higher diameter of approximately 200 nm. (b) A 25°-
tilt SEM image of the 2-segment ZnO nanowire arrays grown under low 
supersaturation conditions. Generally, the length of the top segment is short, and 
the 2 segments do not have very distinctively different diameters. 
3.2.2 Results on sapphire substrates 
  By employing the identical set of PLD deposition parameters, ZnO thin films 
have also been successfully deposited onto sapphire substrates. As shown in 
Figure 3.9(a), when a-sapphire substrates were employed, ZnO thin films with 
excellent transparency could be obtained. As demonstrated here, texts placed 
below the substrate deposited with the ZnO films remain clearly visible. Upon 
high-resolution SEM examination, island structures with an average size of about 
150 nm and a reduced roughness could be observed to occupy the surface of such 
ZnO films, as shown in Figure 3.9(b). A cross-sectional SEM image in Figure 
3.9(c) shows that the film thickness is about 160 nm. 
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Figure 3.9 (a) Digital camera image of a PLD-deposited ZnO film on a 2-inch a-
sapphire substrate. The film shows excellent transparency, with clearly visible 
texts placed below the substrate. (b) A top-view SEM image of the ZnO film 
surface. Island structures with a size of approximately 150 nm and a reduced 
roughness could be observed. (c) A cross-sectional SEM image of the ZnO film 
showing a film thickness of about 160 nm. 
  XRD analysis performed in the locked-coupled (θ-2θ) mode, as shown in Figure 
3.10(a) after Kα2 stripping, reveals 4 distinctive peaks, which could be indexed to 
hexagonal ZnO (0002), Al2O3 (11-20), ZnO (0004), as well as Al2O3 (22-40) 
planes. This result confirms that the PLD-deposited ZnO film on a-sapphire 
substrates is highly c-axis textured. The ω-rocking curve of the ZnO (0002) peak 
shown in Figure 3.10(b) has a reduced FWHM of 0.82° as compared to that on Si 
(100) substrates, implying the formation of a ZnO film with improved texturing in 
this case on the a-sapphire substrate. 
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Figure 3.10 (a) Locked-coupled (θ-2θ mode) XRD diffractogram of the PLD-
deposited ZnO film on a-sapphire substrate after Kα2 stripping. (b) ω-rocking 
curve for the ZnO (0002) peak showing a reduced FWHM of 0.82°. 
  PLD ZnO film deposition experiments have also been conducted using 2-inch c-
sapphire wafers as substrates. As evidenced in the digital camera image in Figure 
3.11(a), thin films with equally high uniformity and transparency could be 
obtained on these c-sapphire substrates. However, upon high-resolution SEM 
examination as shown in Figure 3.11(b), we discovered that the film did not 
present any surface feature at all, in stark contrast to the previous case where a-
sapphire wafers were used as substrates. Here we have purposely chosen an area 
where a small particle could be observed on the film surface, confirming that the 
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imaging process has indeed been performed correctly. A cross-sectional SEM 
imaging carried out revealed a film thickness of approximately 90 nm for the 
sample, as shown in Figure 3.11(c). 
 
Figure 3.11 (a) Digital camera image of a PLD-deposited ZnO film on a 2-inch c-
sapphire substrate. The film also shows excellent transparency, with clearly 
visible texts placed below the substrate. (b) A top-view SEM image of the ZnO 
film surface. A particle is purposely chosen to reveal that no surface features 
could be identified under the SEM imaging conditions. (c) A cross-sectional SEM 
image of the ZnO film showing a film thickness of about 90 nm for the particular 
sample. 
  XRD analysis performed in the θ-2θ geometry again revealed 4 prominent peaks 
after Kα2 stripping as shown in Figure 3.12(a), which could be traced to 
reflections from the ZnO (0002), Al2O3 (0006), ZnO (0004) and Al2O3 (00012) 
planes, and demonstrate the highly c-axis textured nature of the deposited film 
once again. However, it is interesting to note in Figure 3.12(b) that the ω-rocking 
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curve for the ZnO (0002) peak exhibits a drastically reduced FWHM of merely 
0.27°, which indicates a film with much more superior texturing obtained in this 
case using c-sapphire wafers as substrates. 
 
Figure 3.12 (a) Locked-coupled (θ-2θ mode) XRD diffractogram of the PLD-
deposited ZnO film on c-sapphire substrate after Kα2 stripping. (b) ω-rocking 
curve for the ZnO (0002) peak showing a further reduced FWHM of only 0.27°. 
  ZnO nanowires were subsequently grown on these PLD-deposited seed layers on 
sapphire substrates via the same homoepitaxial regrowth approach as detailed in 
the previous section. Here we would like to summarize the major features 
observed in this set of nanowire synthesis experiments, highlighting the 
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differences obtained as compared to those experiments conducted using Si (100) 
substrates. 
  As shown in Figure 3.13, perhaps the most prominent and distinguished feature 
is that the nanowire growth is initiated with the formation of hexagonally-shaped 
ZnO islands directly on the film surface. The center of the hexagonal islands then 
becomes the active sites where the ZnO nanowires would grow from. This growth 
mode is in clear contrast to the previously-discussed nanoridge-formation-
mediated ZnO nanowire growth using seed layers on Si (100) substrates. In 
addition, it appears that the number density of nucleation sites for these hexagonal 
islands, and hence subsequent nanowire growth sites, is directly related to the 
surface defect density of the ZnO seed layer, which could readily be modulated 
with the combination of laser pulse energy and background O2 pressure 
parameters during the PLD process. We think it is highly possible that the 
hexagonal ZnO islands would preferentially nucleate at surface defect sites on the 
seed layer in order to lower the overall surface energy. In fact, it could be seen in 
Figure 3.13(a) that when a high-quality ZnO seed layer without clear surface 
features was employed, only a comparatively low density of hexagonal ZnO 
islands without clear evidence of nanowire growth could be obtained. Upon 
switching over to another seed layer with increased surface defect density 
deposited at a reduced O2 background pressure while maintaining the same level 
of laser pulse energy during the PLD process, medium-density ZnO nanowire 
arrays, as shown in Figure 3.13(b), could be obtained. The majority of ZnO 
nanowires in this case are aligned in a vertical fashion, while some stray 
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nanowires grew in random orientations. The average separation between 
nanowires is about 1 μm. It is possible to further increase the nanowire density by 
using seed layers with even higher surface defect densities. Figure 3.13(c) shows 
an example of relatively high vertical ZnO nanowire arrays achieved in this way. 
The average separation between nanowires is further reduced to approximately 
500 nm. It is also possible to tune the seed layer quality by directly choosing 
different types of sapphire substrates. Our previous results suggest that the seed 
layer quality appears to be better on c-sapphire substrates compared to that on a-
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Figure 3.13 (a) A top-view SEM image showing that only a relatively low density 
of hexagonally-shaped ZnO islands without nanowire growth could be obtained 
on top of high-quality ZnO seed layers on c-sapphire substrates without clear 
surface features. (b) A 10°-tilted SEM image showing medium-density ZnO 
nanowire arrays grown on seed layers with an increased surface defect density on 
c-sapphire substrates. The average separation between nanowires is about 1 μm. 
The majority of ZnO nanowires are aligned in a vertical fashion, while some stray 
nanowires grew in random orientations. (c) A 10°-tilted SEM image showing 
relatively high-density vertical ZnO nanowire arrays grown on seed layers with 
high surface defect density on c-sapphire substrates. The average separation 
between nanowires is about 500 nm. Some stray nanowires grown in random 
orientations are also present. 
  Figure 3.14(a) shows an example image of multi-segment ZnO nanowires 
obtained by using the homoepitaxial regrowth technique on c-sapphire substrates, 
which demonstrates that the technique works equally well on sapphire substrates. 
Here 3-segment ZnO nanowires with well-defined segment lengths and diameters 
are shown. We also notice that the hexagonal ZnO islands continued to grow into 
larger sizes under multiple growth experiments, and it is surprising that the 
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hexagons are aligned parallel without rotation between them. Such a case is a 
reflection that the underlying ZnO film must possess in-plane epitaxy besides the 
usual out-of-plane epitaxy, which means that the ZnO film deposited on sapphire 
substrates are indeed epilayers. 
  With the success of the homoepitaxial regrowth strategy and the prospect of 
density control, it is possible to prepare well-defined multi-segment ZnO 
nanowires with extremely sparse distributions. This would enable and facilitate 
the nanowire pick-up process for subsequent studies conducted at a single 
nanowire level. Figure 3.14(b) and Figure 3.14(c) show a single 2-segment and 3-
segment ZnO nanowire grown on c-sapphire substrates, respectively. Figure 
3.14(d) is a zoom-in image around the transition area showing well-defined 
diameters of about 150 nm and just under 100 nm for the 2 segments. 
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Figure 3.14 (a) A 10°-tilted SEM image of 3-segment ZnO nanowire arrays 
grown on c-sapphire substrates after 3 nanowire synthesis cycles. (b) A single 2-
segment ZnO nanowire grown on c-sapphire substrates. (c) A single 3-segment 
ZnO nanowire grown on c-sapphire substrates. (d) A zoom-in SEM image of (c) 
around the junction area showing the formation of segments with well-defined 
diameters. For visual guidance purposes, the red arrows are drawn in (b), (c) and 
(d) to indicate the extent of each segment in the multi-segment ZnO nanowire 
structure. 
  The multi-segment ZnO nanowires were subjected to TEM analysis to yield 
more information on their microstructural and crystalline properties. In this case a 
2-segment nanowire with small segment diameters was selected in order to obtain 
better TEM imaging results. As shown in the medium-magnification TEM image 
Figure 3.15(a), the thin segment of this particular sample has a diameter of 44.5 
nm. The high-magnification TEM (HRTEM) image in Figure 3.15(b) displays 
clear lattice fringes with a spacing of 0.26 nm, which corresponds to the ZnO 
(0002) interplanar distance. The surface of the thin section of the nanowire, which 
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has only undergone one growth cycle, is smooth with a surface roughness of 
about 1 nm. Figure 3.15(c) shows a selected-area electron diffraction (SAED) 
pattern taken from the region. The existence of well-defined arrays of points 
indexed to the [01-10] zone axis confirms the single-crystalline nature of this 
segment of the nanowire. Figure 3.15(d) shows a medium-magnification TEM 
image of the thick segment of the same sample with a segment diameter of 62.2 
nm. The increased surface roughness could immediately be recognized, which 
arises due to the fact that the outer section has undergone two growth cycles and 
grown around the surface of the single-segment nanowire that served as a 
template. Despite the slightly increased surface roughness, an HRTEM image in 
Figure 3.15(e) still shows well-defined lattice fringes, and an SAED pattern in 
Figure 3.15(f) recorded at the region still shows regular point arrays indicating the 
single-crystalline nature for the thick segment of the nanowire. Figure 3.15(g) 
shows a medium-magnification TEM image of the transition region between the 
thin and the thick segments. It could be observed that the diameter transition in 
this case is not very abrupt but happens across certain lengths along the nanowire. 
The SAED pattern taken at the transition region as shown in Figure 3.15(h) also 
shows an array of well-defined points, which confirms that the entire 2-segment 
ZnO nanowire is indeed single-crystalline. These 2-segment nanowire samples 
would be used for spatially-resolved single nanowire thermal conductivity studies, 
which would be presented in the next section. 
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Figure 3.15 (a) A medium-magnification TEM image of a thin section of a 2-
segment ZnO nanowire. The segment diameter is measured to be 44.5 nm. (b) A 
high-magnification TEM (HRTEM) image of a thin section of a 2-segment ZnO 
nanowire. Lattice fringe spacing is measured at 0.26 nm which corresponds to 
ZnO (0002) interplanar distance. (c) A selected-area electron diffraction (SAED) 
pattern taken from the thin region, confirming its single-crystalline nature. (d) A 
medium-magnification TEM image of a thick section of the same 2-segment ZnO 
nanowire. The segment diameter is measured to be 62.2 nm. (e) An HRTEM 
image of a thick section of the same 2-segment ZnO nanowire. Lattice fringe 
spacing is measured at 0.26 nm which corresponds to ZnO (0002) interplanar 
distance. (f) An SAED pattern taken from the thick region, confirming its single-
crystalline nature. (g) A medium-magnification TEM image of the transition 
region between the thin and the thick segments. (h) An SAED pattern taken from 
the transition region, confirming its single-crystalline nature. 
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3.3 Spatially-resolved single 2-segment ZnO nanowire thermal 
conductivity studies 
  We have recently developed a new methodology for probing thermal conduction 
properties at a single nanostructure level, whereby a focused electron beam 
located inside an SEM is conveniently utilized as a noncontact localized heating 
agent. We have previously been using the technique in determining thermal 
contact resistance between the test nanostructure and the heater/sensor islands,25,26 
as well as obtaining spatially-resolved thermal resistance and interfacial thermal 
resistance information arising from composition variation27 in a number of 
materials systems. However, the current study involving the multi-segment ZnO 
nanowire samples represents the first attempt that the technique has been 
employed to investigate spatially-resolved thermal conduction properties of 
morphology-modulated complex nanostructures. We have chosen individual 2-
segment ZnO nanowires, which is the simplest multi-segment form, to avoid 
extraneous complications in this set of pioneering studies. Thermal conductivities 
corresponding to the thin and thick segments along the same nanowire would be 
obtained and compared to values measured for individual ZnO nanowires with 
uniform diameters. 
  The schematic and equivalent thermal circuit for the localized electron-beam 
heating technique is shown in Figure 3.16(a). Without the introduction of the 
electron beam, the entire system is assumed to be at thermal equilibrium with the 
substrate at T0, which serves as an infinite heat sink. When the electron beam is 
switched on and located at a position x along the nanowire from the left island, it 
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raises the local temperature on the sample by an amount denoted by ΔTi(x) due to 
the heating effect brought by the electron-beam matter interaction. The generated 
heat would flow towards both left and right islands, thereby raising their 
temperature by an amount of ΔTL and ΔTR, respectively. It has to be true at steady 
state that the heat flux from the heating spot to the left island would be equal to 
the heat flux from the left island to the substrate, which is Q1 as indicated by the 




ோ್                                    (3.1) 
where Ri(x) is the cumulative thermal resistance of the portion of the nanowire 
from the left island to the heating spot, Rb represents the equivalent thermal 
resistance of the six beams that connect the suspended island to the substrate. By 
the same argument, if we consider heat flow on the right hand side of the heating 




ோ್                                    (3.2) 
where Rtotal represents the total thermal resistance between the two islands. To 
facilitate further calculation, the Rb and Rtotal parameters could be obtained by a 
traditional thermal bridge measurement. As shown in Figure 3.16(b), when heat is 
generated in the left island by passing an electrical current in the left Pt loop, the 
heat flow at steady state demands that the heat flux through the nanowire to the 
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right island has to be equal to the heat flux from the right island to the substrate 




ோ್                                    (3.3) 
Equation 3.3 could be rearranged to give 
ܴ௧௢௧௔௟ ൌ ܴ௕ ቀ∆்ಽబ∆்ೃబ െ 1ቁ                          (3.4) 
Here the subscript 0 signifies that the temperature rises recorded at the left and 
right islands are generated purely due to heating produced from the left island. We 
can now substitute Equation 3.4 into Equation 3.2, and together with Equation 3.1 
to arrive at 
ܴ௜ሺݔሻ ൌ ܴ௕ ቄఈబିఈ೔ሺ௫ሻଵାఈ೔ሺ௫ሻ ቅ                            (3.5) 
where α0 = ΔTL0/ΔTR0 and αi = ΔTL/ΔTR when the electron beam is at position x. 
  Finally, the thermal resistance of the connecting beams Rb is obtained by 
considering heat flow in the entire system. Here, the total Joule heat production 
consists of two components, namely the Joule heat produced in the Pt loop on the 
left Qh = I2Rh, as well as Joule heat produced in the two connecting beams that 
carry the electrical current, 2QL = 2I2RL. Total heat dissipation in the 12 
connecting beams takes the form of QL,2 + QL,4 + QR,6 = 2(ΔTL0/6Rb + QL/2) + 
4(ΔTL0/6Rb) + ΔTR0/Rb. Taking all these information together and considering 
energy conservation, Rb could be obtained as 
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ܴ௕ ൌ ∆்ಽబା∆்ೃబொ೓ାொಽ                                   (3.6) 
  The implication of Equation 3.5 is that with a determined value of Rb according 
to Equation 3.6, the thermal resistance at any position x along the nanowire is 
only dependent on the ratio of the respective temperature rises registered on the 
left and right islands, but does not depend on the actual absolute temperature rise 
produced by electron-beam irradiation. It also means that the spatially-resolved 
thermal resistance profile of any region of interest along the length of the test 
nanowire could be obtained by monitoring the incremental change in Ri(x) 
profiles, which could directly be correlated with the morphological variation 
simultaneously acquired with secondary-electron imaging inside the SEM. 
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Figure 3.16 (a) Measurement scheme and thermal resistance circuit for the 
localized electron-beam heating technique for the determination of spatially-
resolved thermal resistance profile of the test nanowire. Here the electron beam is 
scanned along the length of the nanowire to provide localized heating as indicated 
by the green arrow. (b) Measurement scheme and thermal resistance circuit of the 
usual thermal bridge method for the determination of Rb and Rtotal parameters. 
  A 2-segment ZnO nanowire has been mounted onto the METS device, as shown 
in Figure 3.17(a). Upon close SEM examination as shown in Figure 3.17(b), it 
could be seen that the upper segment of the nanowire has a larger diameter, while 
the lower segment of the nanowire has a smaller diameter. Figure 3.17(c) shows a 
high-magnification SEM image clearly showing that the thick segment has a 
Chapter 3 Synthesis of Segmented ZnO Nanowires and Investigation of Their Spatially-




diameter of 69.5 nm, whereas the diameter of the thin segment is at 46.6 nm. The 
Ri(x) profile was measured for this transition region of the nanowire. 
 
Figure 3.17 (a) A low-magnification SEM image of a 2-segment ZnO nanowire 
mounted onto the METS device. (b) A zoom-in SEM image showing that the 
upper segment of the nanowire has a larger diameter, whereas the lower segment 
of the nanowire has a smaller diameter. (c) A high-magnification SEM image 
showing the transition region of the nanowire. The Ri(x) profile was measured for 
this portion of the nanowire. 
  The measurement began with the determination of α0, which could be obtained 
by monitoring temperature rises registered on both the upper and lower islands, 
when positioning the electron beam at the upper island to generate heating from 
there. As shown in Figure 3.18(a) and Figure 3.18(b), the temperature responses 
ΔTU and ΔTL are indeed very stable over time. When plotting out their ratio as 
shown in Figure 3.18(c), it could be seen that the ratio approaches towards a 
steady-state constant value of 20.55. This value was used as α0 in our subsequent 
measurements. 
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Figure 3.18 (a) Temperature rise registered on the upper island ΔTU, and (b) 
Temperature rise registered on the lower island ΔTL, when the electron beam is 
positioned at the upper island. (c) The ratio of ΔTU/ΔTL over time. The steady-
state ΔTU/ΔTL value is taken as α0. 
  Figure 3.19(a) and Figure 3.19(b) display ΔTU and ΔTL responses over 3 
consecutive electron-beam scanning cycles, from which a few features could be 
observed. Firstly, every cycle consists of a higher temperature-rise component, 
followed by a lower temperature-rise component. This could be understood from 
the fact that the electron-beam was scanned from the thick segment of the 
nanowire towards the thin segment. Since the heat generated is directly related to 
the electron-beam interaction volume, a thin segment of the nanowire, with a 
smaller diameter and overall cross-sectional area, would produce a smaller 
interaction volume and thus a lower temperature rise, given that the electron beam 
in this case is mainly transmitted. The relatively sharp transition for both ΔTU and 
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ΔTL responses within a single measurement cycle means that the 2-segment ZnO 
nanowire has quite a well-defined boundary at the transition region. The second 
feature is that both ΔTU and ΔTL responses fluctuate over the 3 measurement 
cycles, which could come about as a consequence of either sample drift or 
charging effect that brought with it unstable heating, since the ZnO nanowire 
samples used in this case are highly intrinsic. Despite the fluctuations in ΔTU and 
ΔTL responses, Figure 3.19(c) shows that thermal resistance profile is actually 
quite tolerant and stays almost the same across the 3 measurement cycles. A slow-
rising stage followed by a fast-rising stage thermal resistance profile could clearly 
be identified, which corresponds to the incremental change in overall thermal 
resistance as the electron beam traversed from the thick segment to the thin 
segment of the nanowire. Keeping in mind that the overall probed length of the 
nanowire stands at 867 nm as determined from Figure 3.17(c), we have picked out 
1 measurement cycle and converted the horizontal axis into position x from the 
beginning of the scanning in Figure 3.19(d). The simultaneously acquired SEM 
image was superimposed for clarity, which confirms that the measurement offers 
excellent spatial resolution. The thermal conductivity κ of the sample could be 
extracted from the plot according to the relationship 
ߢ ൌ ଵ஺ሺௗோ/ௗ௫ሻ                                  (3.7) 
where A is the cross-sectional area of the sample, and dR/dx is the slope of the 
curve. With this scheme, we obtained a κ value of 12.3 W/m·K for the thick 
segment, and a κ value of 11.7 W/m·K for the thin segment of the nanowire. Our 
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previous results indicated that a single ZnO nanowire with a uniform diameter of 
70 nm yields a thermal conductivity of about 8 W/m·K at 300 K.26 Considering 
the reduced nanowire diameters in this case, the current measurement therefore 
yields slightly higher thermal conductivity values. We think one possible reason is 
that the nanowires used in this series of study generally have a reduced surface 
roughness than in the previous work, thus tend to have lower phonon boundary 
scattering frequencies. However, a much more meaningful comparison could be 
conducted between the results on the thick and thin segment of the same 2-
segment nanowire. In our case, we only measured a slightly higher thermal 
conductivity for the thick segment compared to that of the thin segment, despite 
an almost 50% increase in diameter. We think that the much higher surface 
roughness associated with the thick segment, which has undergone two growth 
cycles, could greatly enhance phonon boundary scattering, and thus could be the 
major reason behind this result. 
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Figure 3.19 (a) Temperature rise on the upper island ΔTU, and (b) Temperature 
rise on the lower island ΔTL, when the electron beam was scanned through the 
transition region of the nanowire over 3 cycles. (c) Corresponding thermal 
resistance profiles over 3 consecutive scanning cycles. (d) Detailed variation of 
thermal resistance over a single scanning cycle. The horizontal axis has been 
converted into distance along the probed length of the nanowire. The 
simultaneously acquired SEM image is superimposed. For this set of experiments, 
a 10 kV electron beam with a beam current of 0.64 nA and a scanning speed of 67 
nm/s was used. 
  In order to alleviate the electron-charging problem and improve measurement 
stability, we also carried out thermal resistance profiling measurement with a 
reduced electron-beam current and slower scanning rate. As shown in Figure 3.20 
(a) and Figure 3.20 (b), both ΔTU and ΔTL responses show an improved stability, 
especially in the first cycle, when an electron-beam current of 0.16 nA and 
scanning speed of 25 nm/s was used compared to the previous case of using 0.64 
nA electron-beam current and 67 nm/s scanning speed. However, one immediate 
Chapter 3 Synthesis of Segmented ZnO Nanowires and Investigation of Their Spatially-




drawback with this approach is that the absolute ΔTU and ΔTL values are greatly 
reduced with reduced heating associated with a reduced electron-beam current. 
The ΔTL values in particular could reach as low as 0.10 K. The cumulative 
thermal resistance profiles plotted in Figure 3.20 (c) indeed show improved 
stability over the 3 consecutive measurement cycles. However, they are very 
similar in value to the previous case, which demonstrates the robustness of the 
measurement technique. The spatially-resolved thermal resistance profile for a 
single measurement cycle is shown in Figure 3.20 (d) together with a 
superimposed SEM image of the probed area of the nanowire. We can see that 
very similar results could be obtained as of the previous case. 
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Figure 3.20 (a) Temperature rise on the upper island ΔTU, and (b) Temperature 
rise on the lower island ΔTL, when the electron beam was scanned through the 
transition region of the nanowire over 3 consecutive scanning cycles. (c) 
Corresponding thermal resistance profiles over 3 scanning cycles. (d) Detailed 
variation of thermal resistance over a single scanning cycle. The horizontal axis 
has been converted into distance along the probed length of the nanowire. The 
simultaneously acquired SEM image is superimposed. For this set of experiments, 
a 10 kV electron beam with a beam current of 0.16 nA and a scanning speed of 25 
nm/s was used. 
  Lastly we would like to point out that even though the localized electron-beam 
heating technique is shown here to offer robust thermal resistance profiling 
measurement, in calculating the thermal conductivity values, another huge source 
of error comes at the very problem of measuring the nanowire diameter. So in 
order to yield accurate determination of the thermal conductivity values, it is 
necessary that the METS with the loaded test nanowire be transferred to a TEM 
chamber and subject to further TEM examination. 
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  In this chapter, we presented a comprehensive discussion of multi-segment ZnO 
nanowires, right from synthesis strategies to fabricate these nanostructures with 
complex morphologies, to their characterization. We then went on to introduce a 
new technique in exploring spatially-resolved thermal conduction properties of 
individual 2-segment ZnO nanowires. We offered a detailed discussion of the 
technique, and presented measurement results and comparisons on these 
nanowires. The successful synthesis of multi-segment nanowires, both 
individually and as density-controlled arrays with preferential alignment, 
represents advancement in controlled complex nanostructure synthesis to certain 
extent. We believe that such a generic technique could be adapted to the synthesis 
of other materials systems as well, and the resulted nanostructures with complex 
morphologies should possess other unexplored interesting properties. 
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Chapter 4 Robust Nanoscale Bistable Thermal Conduction in a 
Single Cleaved ZnO Nanowire 
  Presently, thermal bridge methods involving the use of a micro-electro-thermal 
system (METS) test fixture have become widely adopted for the accurate 
determination of thermal transport properties of specimens down to the single 
nanostructure level. As we have noted in Chapter 2 of this thesis, the vast number 
of test objects that have been studied in this way can be classified into taking the 
form of either a homogeneous nanostructure or complicated heterogeneous 
architectures with distinctive morphological and compositional profiles through 
careful design and fabrication processes. However, one common feature among 
these test objects is that they come almost exclusively in single, structurally 
continuous pieces. In this chapter, we present an attempt to explore thermal 
transport properties of structurally discontinuous nano-systems. We focus our 
attention on thermal conduction properties in a single cleaved ZnO nanowire that 
has been connected through van der Waals interactions, and show both 
experimentally and through simulation that it is possible to achieve nanoscale 
bistable thermal conduction in such a system by utilizing the single cleaved ZnO 
nanowire as the thermal conduction channel and taking advantage of intrinsic 
thermomechanical characteristics of the METS test fixture. 






  Research efforts have been directed to revolve around several themes over the 
course of materials thermal property research. The first theme is the quest to 
search for materials with extreme absolute thermal conductivity values, either 
very low or very high, for thermal management applications. To this end, it has 
been experimentally demonstrated that one-dimensional nanowires, preferentially 
with rough surfaces, exhibit reduced thermal conductivity as compared to their 
bulk counterparts.1,2 This is because phonon boundary scattering plays an 
increasingly dominant role in nanowires with reduced diameters approaching the 
phonon mean free path.3 Recently, a nanoscale three-dimensional Si phononic 
crystal with spherical pores has been proposed and theoretically shown to have its 
thermal conductivity suppressed by a factor of up to 10,000 times at room 
temperature compared to bulk Si when the porosity within the structure reaches 
90%.4 On the other hand, very high thermal conductivity has been theoretically 
proposed and experimentally measured in carbon-based materials systems of 
carbon nanotubes5 as well as graphene.6 The second theme is the development of 
materials for thermoelectric applications. These thermoelectric materials are 
capable of generating electricity when subjected to a temperature gradient, which 
fits very well to the increasingly emphasized worldwide theme of alternative 
energy generation in the face of deepening global warming threats and the 
prospect of fossil fuel depletion. Alternatively, thermoelectric materials can 
provide on-demand cooling performances upon the passage of an electrical 
current. Their working efficiency depends on the dimensionless thermoelectric 





figure of merit (ZT), which is a function of the Seeback coefficient, electrical 
conductivity, thermal conductivity and absolute temperature, and is defined as 
ܼܶ ൌ ௌమఙ்఑                                      (4.1) 
where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal 
conductivity, and T is the absolute temperature. For an ideal thermoelectric 
material, ZT » 1 is desirable. From Equation 4.1 it could be seen that high ZT 
values could be achieved by either increasing the thermoelectric power factor (S2σ) 
or by lowering thermal conductivity, or both. 
  In 2004, a new concept of thermal diode that rectifies the flow of heat has been 
theoretically proposed.7 In the next few years, thermal transistors,8,9 thermal logic 
gates,10 as well as thermal memory elements,11 analogs that work in a similar 
fashion to their electronic counterparts, were subsequently conceptualized. The 
theoretical construction of these components altogether gave rise to the birth of a 
new field known as phononics, which deals with the storage and processing of 
information carried in the form of heat with phonons constituting the major heat 
carriers.12,13 With an estimated 15 terawatts of heat lost to the environment 
globally, the establishment of phononics implies a new avenue for waste heat 
utilization that is information computation, on top of the thermoelectric energy 
scavenging process described above. 
  Following initial conceptualization, some prototypical phononic devices, such as 
thermal diodes that exclusively permit unidirectional heat conduction, have been 





experimentally demonstrated in mass-graded carbon nanotubes and boron nitride 
nanotubes by gradually depositing heavy molecules on nanotube surfaces along 
the length so as to create an asymmetrically mass-loaded composite structure.14 
To construct other phononic devices such as thermal switches and nonvolatile 
thermal memories, however, it is essential to experimentally realize the 
phenomenon of bistable thermal conduction. 
  Bistability describes the property of a physical system possessing at least two 
metastable states, where these states could be reversibly switched upon the 
application of an external stimulus.15 It has profound implications for the 
development of memory technologies, especially when the states are vastly 
different and therefore can be unambiguously distinguished during subsequent 
measurements. So far, bistable systems based on spin coupling,16-18 electric dipole 
coupling,19 phase-change materials,20,21 as well as resistive switching22 have been 
well established. These systems rely on various types of external stimuli, such as 
external magnetic field, voltage applied to a ferroelectric layer, and temperature-
controlled amorphous-to-crystalline phase change of the active switching media 
material to induce electrical resistance switching. While the development of 
bistable systems for electrical conduction continues to receive unabated attention, 
research interest in developing bistable systems for thermal conduction is still in 
its infancy, and the quest has been challenging, because unlike electrical 
conductivity that spans 27 orders of magnitude, intrinsic thermal conductivity 
across all materials only varies over 4 orders of magnitude.23 In dealing with non-
metallic functional materials where lattice vibrations constitute primary energy 





carriers, achieving bistable thermal conduction with distinctive conduction states 
clearly mandates dynamical and reversible microstructure tuning of the active 
component, which by no means is a simple task. Li et al. theoretically proposed 
the utilization of mechanically-induced vertical twin boundaries (VTBs) in 
ferroelastic materials as a means to regulate heat conduction. The two different 
thermal conduction states are established in response to the creation/annihilation 
of VTBs during mechanical loading/unloading cycles.24 Recently, we reported an 
electrically tuned solid-state thermal memory exploiting the metal-insulator 
transition (MIT) phenomenon in a single VO2 nanobeam.25 Strictly speaking, 
these systems both require the continued application of an external stimulus, be it 
a mechanical stress or a temperature above the MIT signature, in order to 
maintain one of the conduction states, thus eluding true bistability. They 
nonetheless represent some of the pioneering efforts, both theoretically and 
experimentally, in realizing bistable thermal conduction in real materials systems. 
In this chapter, we explore a novel approach to achieve nanoscale bistable thermal 
conduction in a single cleaved nanowire conduction channel connected through 
van der Waals interactions. 
4.2 Device design rationale and working principle 
  As we have discussed in Chapter 2 and Chapter 3, we have been using an METS 
test fixture for the determination of thermal conduction properties of a single 
ZnO-based nanostructure so far. As shown in the top-down low-magnification 
SEM image in Figure 4.1(a), while the majority of the METS test fixture with 
patterned outer electrodes sits on the Si substrate covered with a 300 nm thick 





SiNx layer deposited by LPCVD, the black rectangular part in the middle of the 
image denotes a completely milled-through region. Two suspended SiNx 
membranes, each hosting a serpentine Pt resistance heater/thermometer and 
relevant Pt electrodes, which are the essential components of such a 
micromachined METS test fixture, are seen to bridge across the milled-through 
region. The inset in Figure 4.1(a) shows a zoom-in SEM image of the pair of 
suspended SiNx membranes, herein denoted as the heater and sensor islands, with 
an effective gap of 5 μm between them for the placement of test nanostructures. 
Because the METS chip is firmly attached to the top surface of a cryostat that acts 
as an infinite thermal sink via the use of silver paste during measurement, for all 
practical reasons we are going to assume, for the rest of discussion in this chapter, 
that the METS chip is mechanically unmovable and has a fixed temperature equal 
to the temperature registered on the cryostat. Since we did not purposely control 
the cryostat during the entire experiment, it means the METS substrate is 
effectively at room temperature. 
  Focusing on the heater/sensor membranes, Figure 4.1(b) shows a schematic side-
view of the suspended membranes with a double-layering structure consisting of 
60 nm thick Pt supported on the 300 nm thick SiNx membrane. The Pt layer 
primarily forms a serpentine resistance heater/thermometer, as well as 6 
electrodes for electrical leadouts. We note that for the resistance 
heater/thermometer, the width of Pt is at 300 nm, whereas for the electrodes the 
width of Pt stands at 1.8 μm. By a simple relationship, the electrical resistance of 
the Pt line is given by 





ܴ ൌ ఘ௟஺                                      (4.2) 
where R is the electrical resistance, ρ is the electrical resistivity, l is the length, 
and A is the cross-sectional area of the Pt layer. It is seen that the resistance per 
unit length is inversely proportional to the cross-sectional area, and therefore 
width of the Pt layer. Considering the fact that the total length of the serpentine Pt 
heater/thermometer is 580 μm, whereas the length of each Pt beam is 400 μm, this 
yields a combined ratio for the electrical resistance of the serpentine Pt resistance 
heater/thermometer and the two Pt beams providing electrical leadout as 
approximately 9:1:1. As a consequence, the finite element method (FEM) 
simulation result in Figure 4.1(c) obtained using the Joule Heating and Thermal 
Expansion module from the multiphysics software COMSOL 4.2a shows that 
most of the voltage drop for an applied voltage V0 to the Pt loop is indeed 
occurring at the serpentine Pt heater/thermometer. Considering that serpentine Pt 
resistance heater/thermometer is very compact on the heater/sensor membrane, 
that means most of the Joule heat would be generated on the heater membrane 
during experiments using the global heating procedure as outlined in Chapter 2.4. 
The generated heat would be conducted to the SiNx layer. With the thermal 
resistance given by 
ܴ௧௛ ൌ ௟఑஺                                     (4.3) 
where Rth here denotes the thermal resistance, κ is the thermal conductivity of 
SiNx, l is the length, and A is the cross-sectional area of the SiNx layer. It is 





straightforward to see that the SiNx membranes with a quasi-square shape would 
be having a much lower thermal resistance compared to the elongated SiNx beams. 
This means that most of the generated Joule heat would be very evenly distributed 
on the heater membrane; part of it would be conducted through the test nanowire 
to the sensor membrane and again very evenly distributes there. Such a scenario is 
depicted in the FEM simulation result shown in Figure 4.1(d). Careful 
investigation with simulation shows that the temperature is indeed uniform within 
3 K across the heater island and within 1.2 K across the sensor island even for a 
large driving thermal bias of 175 K applied to the heater (ΔTh). 
 
 






Figure 4.1 (a) A top-down low-magnification SEM image showing the general 
layout of an METS test fixture. Inset shows a zoom-in SEM image of the pair of 
suspended SiNx membranes. (b) A schematic side-view of the suspended 
membranes with a double-layering structure consisting of 60 nm thick Pt 
supported on the 300 nm thick SiNx membrane drawn in proportion. (c) FEM 
simulation result for the voltage drop along the Pt loop with an applied voltage V0. 
(d) FEM simulation result for the temperature distribution across both heater and 
sensor membranes with a loaded test nanowire upon applying a voltage V0 to the 
Pt loop on the heater in (c). 
  The results discussed so far are quite routine and are general attributes of the 
METS test fixture. However, we noticed and would like to expand upon a less 
discussed issue here. There exists a thermal expansion coefficient (α) mismatch 
between the Pt layer and the underlying SiNx membrane. Considering the fact that 
α for Pt (8.8 ppm/K) is significantly larger in magnitude compared to that of SiNx 





(4.5 ppm/K), while the Pt and SiNx layer thicknesses are of the same order for our 
METS test fixtures as illustrated in Figure 4.1(b) (in fact this is typical for any 
METS test fixture in general), a non-negligible upward thermal stress could be 
developed when ΔTh is sufficiently high. This would lead to an upward bending of 
the entire heater membrane as well as associated deformation of the attached 
nanowire and sensor membrane altogether. A top-view displacement field z 
component distribution across the full-scale suspended METS device obtained 
with FEM simulation is shown in Figure 4.2(a). For clarity, the same information 
is also presented in a side view, as shown in Figure 4.2(b), which unambiguously 
shows that the maximum upward displacement indeed occurs at the heater 
membrane on the left. The attached nanowire as well as the sensor membrane are 
also raised passively. Figure 4.2(c) shows the resulting simulated von Mises 
surface stress distribution. The stress is seen to be most intense towards the ends 
of the nanowire. Such a scenario could be sustained in reality because nanowires 
typically offer improved flexibility and readily exhibit stress accommodation 
through bending.26 Such a thermally-induced mechanical stress has traditionally 
been perceived as an unwanted side effect to the global heating method. In fact, 
researchers have been using ΔTh values as low as 1 K for the measurement of 
thermal transport properties of isolated nanostructures to suppress such an 
effect.27 However, we would like to postulate here that we could actually put such 
a thermomechanically developed stress to our advantage. In fact, the existence of 
stress components transverse to the nanowire axis and the flexible nature of 
nanowires present a compelling case that if the nanowire to start off is not 





structurally intact, but had been cleaved and connected through van der Waals 
interactions, then the two joined segments may undergo initial bending and 
eventually overcome the attractive interactions between them and become 
separated at high ΔTh values. 
 
Figure 4.2 (a) Top-view FEM simulation result for the displacement field z 
component distribution across the full-scale METS device with a loaded nanowire 
in typical working conditions with a global heating method. (b) The same 
information in (a) but presented in a side view, showing clearly the mechanical 
deformation to each part of the METS device. (c) Associated von Mises surface 
stress distribution in the middle of the METS device. The stress is seen to be the 
most intense towards the ends of the nanowire connecting the heater/sensor 
membranes. 





  An additional virtue associated with cleaved nanowires is symmetry breaking by 
the very act of cleavage interface creation, especially when the nanowire is 
cleaved in situ. Asymmetry could be introduced into the system due to a few 
reasons, such as the cleavage plane not being crystallographically orthogonal to 
the nanowire growth axis and/or the presence of interfacial steps/roughness. 
Asymmetry could also arise due to the fact that the cleavage interface is not 
positioned exactly at the center between the heater and sensor membranes under 
many circumstances, such that the interface is exposed to different elevated 
temperatures depending on the direction of heat application, which may affect the 
magnitude of van der Waals interactions between the two nanowire segments. The 
combination of these factors would likely cause the nanowire segments to detach 
from each other at different critical thermal biases (denoted as ΔT1 and ΔT2, also 
shown in Figure 4.3), depending on the specific direction from which heat is 
supplied. If now a switching thermal bias in between ΔT1 and ΔT2 is selected (as 
indicated in the shaded region in Figure 4.3), then there would be a chance that 
the nanowire segments are separated for thermal bias applied in one direction, 
while remain attached when the thermal bias is applied in the other direction, 
hence providing a basis for accessing and toggling between the two conduction 
states for the system as a whole. 






Figure 4.3 Schematic temperature response curves for a cleaved nanowire when 
thermal bias is applied from opposite directions in turn. 
  We carried out detailed experimental investigation to test the validity and 
feasibility of this postulate and shall present our results in the following sections. 
4.3 Active component and device fabrication 
  We chose a single-segment, single crystalline ZnO nanowire to carry out the 
experimental investigation of thermal transport properties based on a single 
cleaved nanowire system. The primary reason behind selecting ZnO nanowires is 
that being a well-known representative of oxide nanomaterials, ZnO 
nanostructures do not suffer from surface oxidation and degradation,28 which may 
bring additional unwanted complications to the test system. In addition, the 
synthesis of ZnO nanostructures is relatively facile and precisely controllable.29 





  As described in Chapter 2 and Chapter 3, we employed a carbothermal reduction 
and vapor phase transport technique to grow high quality ZnO nanowires on c-
sapphire substrates pre-coated with a ZnO epilayer by pulsed laser deposition 
(PLD). Briefly, single-segment single crystalline ZnO nanowires were 
synthesized via one-time vapor phase transport in a sealed horizontal tube furnace 
(Carbolite CTF 12/75/700). A 0.30 g powder mixture of ZnO (99.99%, Aldrich) 
and graphite (< 20 µm, synthetic, Aldrich) in a molar ratio of 1:1 was placed at 
the bottom of a one-end-closed small quartz tube. A piece of c-sapphire substrate 
pre-deposited with a 200 nm ZnO seed layer by PLD was placed nearer to the 
open end. The small quartz tube was inserted into the large alumina work tube, 
such that the powder mixture was positioned at the center of heating zone and the 
open end faced gas in-flow. The furnace was initially evacuated to a base pressure 
of 2.0 x 10-2 mbar, before Ar carrier gas mixed with 0.25% O2 by volume with a 
total flow rate of 80 sccm was instigated. The pressure in the alumina work tube 
was regulated at 2.0 mbar by partially closing a backing valve. The furnace was 
heated up to 900 °C within 40 min and held at that temperature for 10 min to 
synthesize ZnO nanowires having lengths of about 10 μm. The local temperature 
at the c-sapphire substrate during the growth process was approximately 800 °C. 
  Figure 4.4(a) shows a 30°-tilted SEM image of the substrate with as-grown 
quasi-aligned array of ZnO nanowires. TEM image in Figure 4.4(b) shows that 
the nanowire is single crystalline without the presence of a surface amorphous 
oxide layer, which minimizes phonon scattering by surface roughness and defects. 
They are also highly intrinsic, thereby suppressing the electronic contribution to 





thermal transport. Selected area electron diffraction (SAED) pattern as shown in 
Figure 4.4(c) attests to the high crystalline order in the nanowire and Figure 4.4(d) 
shows the typical micro-photoluminescence spectrum of a single ZnO nanowire 
showing strong exciton peak with suppressed defect peak. These results confirm 
that the ZnO nanowires are single crystalline without the presence of surface 
oxide layers and high concentration of point defects. 
 
Figure 4.4 Detailed characterization of ZnO nanowires grown on c-sapphire 
substrates. (a) 30°-tilted SEM image of the substrate showing as-grown quasi-
aligned array of ZnO nanowires. (b) HRTEM image of a single nanowire and (c) 
SAED pattern of a single ZnO nanowire. (d) Micro-photoluminescence spectrum 
of a single ZnO nanowire. These results confirm that the ZnO nanowires are 
single crystalline without the presence of surface oxide layers and high 
concentration of point defects. 





  The c-sapphire substrate together with the as-grown ZnO nanowires was 
transferred into a scanning electron microscope (SEM, Philips XL 30 FEG). A 
nanomanipulator (Kleindiek MM3A-EM) inside the SEM was used to detach and 
pick up a single ZnO nanowire under high magnification and meticulously mount 
it on a pre-fabricated micro-electro-thermal-system (METS) test fixture. The two 
ends of the nanowire were then bonded to the Pt electrodes with a Pt-C composite 
layer using e-beam induced deposition (EBID, FEI Quanta 200-3D). An SEM 
image showing an METS test fixture loaded with a single ZnO nanowire is shown 
in Figure 4.5(a). 
  Upon completion of a series of initial measurements, we used the 
nanomanipulator to push one of the SiNx membranes until the nanowire was 
cleaved under excessive stress. Figure 4.5(b) and Figure 4.5(c) are SEM images 
showing the sequence of events for this process. As shown in Figure 4.5(b), the 
tungsten (W) needle from the nanomanipulator (indicated by the yellow arrow) is 
seen to approach the SiNx membrane on the left. In Figure 4.5(c), the W needle is 
in contact with the SiNx membrane and starts to push it to the left with the 
application of a piezoelectric driving force. The process continues until the 
nanowire has been eventually cleaved. The nanowire cleaving point is frequently 
observed to be in close proximity to the loading point (the cleaving point is 
indicated by the red arrow in Figure 4.5), and the two segments of the nanowire 
would match very well along the newly created interface due to such in situ 
cleaving. According to Agrawal et al, [0001] oriented ZnO nanowires undergo 
brittle fracture along (0001) cleavage plane under uniaxial tensile loading.30 





However, close examination shows that atomic roughness does exist on the (0001) 
cleavage plane after fracturing.31 This breaks the symmetry of the device with 
respect to the specific direction from which heat is supplied. 
  After the nanowire has been cleaved, we used the W needle from the 
nanomanipulator, following exactly the same procedure as outlined in Figure 
4.5(b) and Figure 4.5(c), to reveal the cleaved nanowire. It was observed that as 
the W needle pushed the left membrane to the left, the nanowire would appear to 
be intact, until a sudden yielding event happened at a sufficiently large 
displacement. Such a scenario for one sample is illustrated in Figure 4.5(d), which 
is an SEM image showing that when the 2 segments of the cleaved ZnO nanowire 
are again separated, the SiNx membrane on the left has undergone an overall 
displacement of 287 nm to the left. This observation confirms that a non-
negligible van der Waals force exists between the 2 segments of the cleaved 
nanowire. 






Figure 4.5 (a) SEM image of an METS test fixture with a loaded ZnO nanowire 
that is bonded to the heater and sensor islands with thin patches of Pt-C composite. 
(b-c) SEM images showing sequence of events during the process to cleave the 
attached ZnO nanowire and revealing its cleaved nature. In (b), the W needle is 
shown approaching the SiNx membrane on the left. In (c), the W needle is in 
contact with the SiNx membrane and starts to push it to the left with the 
application of a piezoelectric driving force. (d) SEM image showing that when the 
two segments of the cleaved ZnO nanowire are separated, the SiNx membrane on 
the left has undergone an overall displacement of 287 nm to the left. 
  Figure 4.6 shows an SEM image of a final device consisting of a cleaved ZnO 
nanowire bridged across the heater and sensor membranes of an METS test 
fixture and is bonded to the membranes with thin patches of Pt-C composite. The 
inset in Figure 4.6 shows the details of the cleaved ZnO nanowire. The ZnO 
nanowires used in this study have intermediate diameters of approximately 90 nm, 
and the cleaving point is close to one membrane. Finally, to remove the 
amorphous carbon surface layer that might be coated under SEM imaging as well 





as EBID processes, the device was cleaned with an Evactron RF plasma cleaner 
attached to the SEM chamber at 14 W in 0.4 mbar air for 1 h prior to actual 
thermal transport measurements. 
 
Figure 4.6 An SEM image of a device consisting of an METS test fixture with a 
loaded cleaved ZnO nanowire that is bonded to the heater and sensor with thin 
patches of Pt-C composite. Inset shows a zoom-in view of the cleaved nanowire. 
The two segments have been displaced slightly for clear indication of the cleaved 
nature. 
4.4 Device testing procedure 
  The thermal resistance of the cleaved-nanowire device was measured in a home-
built high vacuum chamber at a pressure of 1x10-6 mbar using the global heating 
technique. A direct current Ih was passed through the heater loop for heating, in 
the way illustrated in Figure 4.1(c). The four-point electrical resistance of the Pt 
loops Rh (on the heater side) and Rs (on the sensor side) were acquired in real time 
using lock-in amplifiers (Stanford Research SR830) by passing a very small 
alternating current (500 nA, 2017 Hz for the heater loop and 1917 Hz for the 





sensor loop) that has been superimposed on Ih. The heater and sensor 
temperatures Th and Ts were then obtained based on obtained Rh and Rs values, 
which had been calibrated beforehand against the substrate temperature (T0) of the 
METS test fixture sitting on a Janis ST-400 cryostat. From Th and Ts values, the 
change in the heater and sensor temperature ΔTh and ΔTs relative to T0 could be 
obtained. 
  The procedure is hereby recast in the schematic and thermal circuit in Figure 4.7. 
A portion of the heat generated (Q2) is passed over the cleaved nanowire 
conduction channel to the sensor island and flows to the substrate at temperature 
T0. At the steady state, consider the sensor island, the inflow amount of heat is 
given by 
ܳଶ ൌ ܩ௧௢௧௔௟ሺ ௛ܶ െ ௦ܶሻ                        (4.4) 
where Gtotal denotes the total thermal conductance of the cleaved nanowire 
conduction channel. The outflow amount of heat is given by 
ܳଶ ൌ ܩ௕ሺ ௦ܶ െ ଴ܶሻ                           (4.5) 
where Gb denotes the total thermal conductance of the 6 beams that support the 







∆ ೞ் െ 1ቁ                        (4.6) 





  If we use the definition that the reciprocal of thermal conductance is thermal 
resistance, then Equation 4.6 could be re-written as 
ܴ௧௢௧௔௟ ൌ ܴ௕ ቀ∆்೓∆ ೞ் െ 1ቁ                      (4.7) 
where Rb is the combined thermal resistance of the 6 supporting beams, Rtotal is 
the total thermal resistance of the cleaved nanowire conduction channel, and 
contains the intrinsic thermal resistance of the cleaved nanowire and the 
distributed internal thermal resistance of the heater and sensor membranes, as well 
as contact thermal resistance at both ends of the nanowire. 
  The thermal resistance of the supporting beams Rb is obtained by considering the 
heater and sensor membranes as a whole. Within this system, the total heat 
produced has two components, i.e. Joule heat produced inside the Pt resistance 
loop Qh = I2Rh, as well as the 2 Pt leads that supply the dc current to the heating Pt 
loop 2QL = 2I2RL. On the other hand, three different types of heat dissipation 
pathways to the heat sink could be identified. Firstly, heat dissipation to the 
environment from the two Joule-heated Pt beams that supply the dc current to the 
heater takes the form Qh,2 = 2(GbΔTh/6 + QL/2). Secondly, heat conduction from 
the remaining 4 Pt beams on the heater membrane to the environment takes the 
form Qh,4 = 4(GbΔTh/6). Finally, heat dissipation from the 6 supporting beams on 
the sensor membrane to the environment is given by Qs,6 = GbΔTs. Putting all 
these information together and considering energy conservation, i.e. Qh + 2QL = 
Qh,2 + Qh,4 + Qs,6, we can obtain Gb as 





ܩ௕ ൌ ொ೓ାொಽ∆்೓ା∆ ೞ்                                (4.8) 
Therefore Rb can be calculated as 
ܴ௕ ൌ ∆்೓ା∆ ೞ்ொ೓ାொಽ                                 (4.9) 
 
Figure 4.7 Measurement scheme and detailed thermal resistance circuit for the 
normal thermal bridge method for obtaining total resistance Rtotal from the heater 
to the sensor islands. 
  In order to obtain the intrinsic thermal resistance of the cleaved nanowire, it is 
imperative to determine the contribution from the distributed internal thermal 
resistance of the heater/sensor membranes as well as the contact thermal 
resistance at both ends of the nanowire and subtract them from the Rtotal value 
obtained above. In our case, the Ri values have been pre-determined using the 
localized electron-beam heating technique while the ZnO nanowire is still intact 





prior to cleaving. As shown schematically in Figure 4.8, a focused electron beam 
(5 kV, 0.1 nA) inside an SEM (FEI Nova NanoSEM 230) in a scanning mode was 
used as a heat source to induce spatially-resolved localized heating along the 
METS device. The electron beam was traversed towards right from the heater 
island. With the focused electron-beam heating technique, heat is generated at the 
spot where the electron beam hits the METS device, and is dissipated through 
both the heater and sensor islands, raising them to different sets of temperatures 
ΔTh and ΔTs, depending on the exact position of the electron beam x away from 
the starting point. At a particular position x at steady state, considering the left 
island, the heat flux from the heating spot to the starting point has to be equal to 
the heat flux from the starting point to the substrate through the 6 supporting Pt 




ோ್                             (4.10) 
where ΔTi(x) represents the local temperature rise at position x where the electron 
beam strikes the METS device, and Ri(x) represents the cumulative thermal 
resistance from the starting point to the current position x for the electron beam. 
Similarly, if we consider the heat flow from the heating spot to the sensor island, 




ோ್                            (4.11) 





where Rt denotes the total thermal resistance from the heater to the sensor 
membrane in this case with an intact ZnO nanowire. Rt is determined through a 
traditional global heating technique and could be written in the same form of 
Equation 4.7 as 
ܴ௧ ൌ ܴ௕ ቀ∆்೓బ∆ ೞ்బ െ 1ቁ                       (4.12) 
Here the notations ΔTh0 and ΔTs0 emphasize that these values are temperature rises 
recorded on the heater and sensor islands with an intact ZnO nanowire bridging 
across using the global heating technique. We can now substitute Equation 4.12 
into Equation 4.11, and together with Equation 4.10 to simplify and get 
ܴ௜ሺݔሻ ൌ ܴ௕ ቄఈబିఈ೔ሺ௫ሻଵାఈ೔ሺ௫ሻ ቅ                     (4.13) 
where α0 = ΔTh0/ΔTs0 and αi = ΔTh/ΔTs. From this process the Ri(x) profile could 
be obtained, from which those portions corresponding to the region from the 
heater/sensor membranes to the nanowire contacts could be easily read off. Our 
results indicate that the overall thermal resistance from the heater/sensor to the 
nanowire is relatively small (on the order of 106 K/W), and is mainly due to the 
distributed internal thermal resistance of the heater/sensor membranes, which is a 
confirmation of the excellent thermal contact to the ZnO nanowire. This thermal 
resistance is assumed to stay unchanged upon cleaving the ZnO nanowire later on, 
and is shown to be a very small fraction of the measured Rtotal value, which is 





typically on the order of 108 - 109 K/W for an effective length of 5 μm between 
the two contacts. 
 
Figure 4.8 Measurement scheme and thermal resistance circuit for the localized 
electron-beam heating technique for the determination of distributed internal 
thermal resistance of the heater/sensor membrane and contact thermal resistance. 
The electron beam is scanned from the heater/sensor island to the nanowire 
contact to obtain the cumulative thermal resistance, as indicated by the green 
arrow. 
  Now the only remaining subtle issue is the determination of the exact starting 
point for the above-mentioned electron-beam heating technique. The guiding 
principle in resolving this issue is that the α0 value should stay numerically the 
same regardless of whether it is determined by the electron-beam heating 
technique or by the global heating technique. Therefore, the strategy is to use the 
α0 value obtained by the global heating technique as a reference and look for the 
"true starting point" for the electron-beam technique where the α0 response turns 
out to be the same. We have found experimentally that the "true starting point" is 





approximately at the center of the heater membrane, as indicated schematically in 
Figure 4.8. 
4.5 Device thermal cycling behavior 
  The behavior of the device with a loaded cleaved ZnO nanowire under cyclic 
thermal bias was investigated in-vacuo by firstly heating up the membrane which 
we arbitrarily termed the heater side that caused the two segments of the nanowire 
to close in onto each other through slight relative vertical displacements. As 
shown in Figure 4.9(a), the initial temperature rise at the sensor side ΔTs, in 
response to small driving ΔTh up to 30 K, was typically low (up to 5 K), 
indicating that the thermal contact between the two segments of the nanowire was 
relatively poor. Upon increasing ΔTh, ΔTs gradually picked up and rose in a 
steeper fashion. Qualitatively, this indicates that the increasing contact force 
produced through enhanced vertical displacements driven by higher ΔTh was able 
to improve thermal contact between the nanowire segments. At ΔTh of 120 K and 
beyond, such ΔTs response in relation to increasing ΔTh approached linearity. At 
this instant the contact was optimized between the nanowire segments, and 
continued raising of ΔTh merely increased the magnitude of contact force between 
the two segments without further improving their thermal contact. 
  Using the procedure outlined in Section 4.4, the intrinsic thermal resistance of 
the cleaved nanowire RNW was obtained. Its reciprocal, which is the thermal 
conductance GNW of the conduction channel, is plotted against ΔTh in Figure 
4.9(b). Interestingly, when ΔTh was lowered from its highest value, ΔTs exhibited 





a clear hysteresis with an entirely different response. It did not reversibly follow 
the path in the heating curve but rather fell off linearly with decreasing ΔTh. In 
terms of thermal conductance GNW, it remained almost flat and only decreased 
slightly when ΔTh was lowered to 0 K. This is reminiscent of the case where the 
two segments of the nanowire were strongly held together by van der Waals 
interactions and behaved in a manner similar to that of a single intact nanowire. 
To confirm this situation, the ΔTh cycling process was repeated. As shown in 
Figure 4.9(c) and Figure 4.9(d), both ΔTs and GNW response curves remained 
unchanged from that of the previous trace, and did not show any discrepancy 
when ΔTh was cycled up and down, confirming that the two segments of the 
cleaved nanowire were indeed in a state of adhesion. 
  Subsequently thermal bias was applied to the sensor instead of the heater. As 
shown in Figure 4.9(e), despite the fact that such thermal bias on the sensor would 
produce thermal stress and a similar upward deformation on the sensor membrane 
with a tendency to separate the two segments of the cleaved-nanowire conduction 
channel, the segments still appeared to be held together by the van der Waals 
interactions. The junction was able to withstand such divisive stress and sustain a 
linear temperature response curve similar to the previous case for ΔTs up to 150 K. 
On further increasing the thermal bias, ΔTh response suddenly plummeted to a 
very low value of 2 K, indicating the sudden yielding of the van der Waals 
junction between the two segments of the nanowire. Subsequently ΔTh response 
remained insignificant when thermal bias was slowly lowered from 200 K. In 
terms of thermal conductance, this implies two clearly distinctive conduction 





states with thermal conductance differing by over 2000% with the onset of 
switching at a thermal bias of 150 K, as shown in Figure 4.9(f). Figure 4.9(g) and 
Figure 4.9(h) show the device performance under repeated thermal cycling. It 
could be confirmed that upon the switching event observed earlier, the nanowire 
conduction channel would remain at an open position, which resulted in both 
extremely low ΔTh and GNW responses. At a chamber pressure of 1x10-6 mbar, the 
heat transfer mechanism of radiation is mainly responsible for the residual 













Figure 4.9 Thermal cycling behavior of the cleaved-nanowire conduction channel 
thermal device. (a-b) ΔTs response and thermal conductance variation during the 
first application of a cyclic thermal bias of up to 170 K to the heater. (c-d) ΔTs 
response and thermal conductance variation during the second application of a 
cyclic thermal bias of up to 170 K to the heater. (e-f) ΔTh response and thermal 
conductance variation during the first application of a cyclic thermal bias of up to 
170 K to the sensor. (g-h) ΔTh response and thermal conductance variation during 
the second application of a cyclic thermal bias of up to 170 K to the sensor. 





  When thermal conductance of the cleaved-nanowire conduction channel under 
two-way thermal cycling is combined in a single plot, such as shown in Figure 
4.10(a), the entire hysteresis loop for thermal conduction exhibited by the device 
could be immediately recognized. Here positive ΔT represents thermal bias 
applied to the heater, whereas negative ΔT refers to thermal bias applied to the 
sensor. The high conductance state corresponds to the case where the nanowire 
segments are well-connected by van der Waals interactions and will be referred to 
as the "ON" state hereafter. The low conductance state, on the other hand, 
corresponds to the case where the nanowire segments are unambiguously 
separated and constitutes the "OFF" state. The states are stable and can be toggled 
with the application of sufficiently high thermal pulses (in this case ΔT ≈ 170 K) 
to the heater or sensor respectively. The so-called ON-OFF ratio that signifies the 
difference in conductance between the two states currently stands at about 22. 
Such a high ratio is primarily attributed to the low thermal conductance related to 
the "OFF" state; however, emphasis should equally be placed on the relatively 
high thermal conductance retained in the "ON" state. 
  For the purpose of comparison and thereby elucidating the effect of van der 
Waals interactions on thermal conduction in the cleaved nanowire, the thermal 
conductance of another single crystalline ZnO nanowire based conduction 
channel was separately measured prior to cleaving and after the nanowire had 
been cleaved but was tightly held together by van der Waals interactions in the 
"ON" state. As shown in Figure 4.10(b), over the temperature range of 300 K to 
365 K the thermal conductance of the device in the "ON" state remained largely 





flat and almost 90% of thermal conductance could be retained compared to the 
continuous single crystalline ZnO nanowire. We carried out detailed theoretical 
investigation to elucidate the nature and magnitude of the effective van der Waals 
interactios between the two nanowire segments in the cleaved ZnO nanowire, and 
will elaborate the results in the next section. 
 
 






Figure 4.10 (a) Thermal conductance variation with cyclic thermal bias, clearly 
showing the existence of two conduction states. Cartoons displaying device 
configurations during each stage of the thermal cycle are shown within. The 
protocols to attain the "ON" and "OFF" states as well as to measure the states are 
also indicated. (b) Comparison of thermal conductance over a temperature range 
from 300 K to 365 K for an intact ZnO nanowire and the same nanowire after 
being cleaved but remaining tightly held together by van der Waals interactions in 
the "ON" state. Inset shows the variation of Γr, which is defined as the ratio 
between the thermal conductance of the cleaved ZnO nanowire in the "ON" state 
to that of the same nanowire in the intact case, in the same temperature range 
together with the best fitting result. (c) Repeated measurement of the "ON" state 
with a reading bias of 170 K. 10 cycles conducted in a time of 270 s are shown. (d) 
Repeated measurement of the "OFF" state with a reading bias of 170 K. 10 cycles 
conducted in a time of 270 s are shown. 
  With our approach, not only could bistable thermal conduction states embodied 
by distinctive thermal conductance be attained, but they are also nonvolatile and 
could be retained for extended periods. Figure 4.10(c) and Figure 4.10(d) show 
repeated "reading" thermal biases applied for multiple measurement attempts for 
each of the “ON” and “OFF” states following their initial setting. Each 
measurement cycle consisted of approximately 10 s of measurement time with the 
application of a measurement thermal bias and a 20 s interval. In total, 10 "read" 
cycles over a period of 270 s are shown for each state. A very high measurement 
bias close to the switching bias has been purposely chosen in each case to 
showcase that the temperature response was indeed very stable and distinctive 





over the 10 "read" cycles shown here. These results demonstrate the high quality 
of the states and their invariance under multiple readout events. In reality, a very 
small measurement thermal bias of a few Kelvin would suffice to detect and 
distinguish between the states. 
4.6 Theoretical considerations 
  We see from the previous section that the existence of  non-negligible van der Waals 
interactions between the two segments of the cleaved ZnO nanowire whereby the 
segments are tightly held together is the major reason behind its ability to conduct heat 
well and the eventual high ON-OFF ratio of the device. Therefore, it is worthwhile to 
study the nature and magnitude of such effective van der Waals interactions. 
  Thermal conductance for 2 solids in contact held by weak van der Waals 
interactions could be theoretically analyzed within the framework of an extended 
acoustic mismatch model (AMM).32,33 As shown in Figure 4.11(a), the two 
materials in contact could be modeled by being connected with weak springs due 
to van der Waals forces, and the single characteristic parameter that determines 
the strength of coupling is the effective spring constant per unit interfacial area KA. 






Figure 4.11 (a) Theoretical model for two solids in contact through van der Waals 
interactions. In this model the two solids are regarded as being connected with 
springs. The strength of coupling at the interface is characterized by the parameter 
of effective spring constant per unit interfacial area KA. (b) The extended acoustic 
mismatch model (AMM). When the ZnO nanowire segment on the left is heated 
up, only phonons travelling to the right are considered. They strike the interface 
and the chance that any phonon gets across the interface is described by its 
transmissivity τ(ω, j, q). 
  For identical materials on both sides of the interface, the phonon transmissivity 
across the interface could be expressed as 
߬ሺ߱, ݆, ࢗሻ ൌ 1
1ାഘሺೕ,ࢗሻమర಼ಲమ ௭ሺ௝,ࢗሻ
మ ୡ୭ୱమ ఏ
                  (4.14) 
where ω(j,q) is the phonon frequency depending on phonon polarization j and 
wavevector q, z(j,q) is the acoustic impedance and is given by z = ρV(j,q), where ρ 
is the mass density and V(j,q) is the phonon group velocity, and θ is the angle 
between the interface normal and the phonon propagation direction. The scenario 





is illustrated in Figure 4.11(b). The gross heat current density across the interface 
takes the form 
ܳሺܶሻ ൌ ଵଶ∑ ∑ ħ߱ሺ݆, ࢗሻ݊ሺ߱, ܶሻࢗ௝ |ࢂሺ݆, ࢗሻ ൉ ࢔|߬ሺ߱, ݆, ࢗሻ    (4.15) 
which is the sum over all phonon polarizations j and wavevector q incident on a 
unit interfacial area with normal n per unit time, multiplied by the phonon energy 
ħω, the Bose-Einstein occupation factor, n(ω,T)=1/(eħω/kBT-1), and the phonon 
transmissivity τ(ω,j,q).34 For an intact single crystalline nanowire, KA→∞, and 
τ(ω,j,q)→1 according to Equation 4.14. Therefore, the averaged thermal 
conductance of a cleaved nanowire in the “ON” state as compared to its single 
crystalline form could be represented by 
߁ሺܶሻ ൌ ∑ ∑ ħఠሺ௝,ࢗሻ௡ሺఠ,்ሻ|ࢂሺ௝,ࢗሻ൉࢔|ఛሺఠ,௝,ࢗሻࢗೕ ∑ ∑ ħఠሺ௝,ࢗሻ௡ሺఠ,்ሻ|ࢂሺ௝,ࢗሻ൉࢔|ࢗೕ            (4.16) 
  From the above equations, it is seen that information about the phonon 
dispersion in ZnO is necessary for the computation. Reddy et al. recently pointed 
out the need to use exact phonon dispersion relationship over the entire Brillouin 
Zone for the calculation of thermal boundary conductance with improved 
accuracy.35 In the current case, given the moderate Debye temperature of 399.5 K 
for ZnO36 and the fact that the temperature range of interest is relatively high at 
300 K and beyond, one can immediately see that the Debye model with a simple 
linear phonon dispersion is no longer valid. Therefore, obtaining full phonon 
dispersion relationship over the entire Brillouin Zone for ZnO is deemed an 
imperative in our case. 





  Considering the fact that the diameter of 90 nm for the ZnO nanowire under test 
is larger than the phonon mean free path of 30 nm for ZnO at 300 K,37 which in 
turn is significantly larger than the dominant phonon wavelength of 
approximately 1 nm calculated for ZnO at 300 K using an approach by Prasher et 
al.,38 it is seen that thermal transport in this regime is diffusive in nature with 
enhanced boundary scattering, and phonon confinement does not come into play. 
We therefore performed first-principles calculations within the framework of 
density-functional perturbation theory (DFPT) to calculate the phonon frequency 
and group velocity of wurtzite bulk ZnO by using the QUANTUM-ESPRESSO 
code.39 A norm-conserving pseudopotential in the Perdew-Zunger40 local-density 
approximation (LDA) was used with a plane-wave expansion up to 80 Ry and 
8x8x6 Monkhorst-Pack k mesh adopted for Brillouin-zone sampling. The 
structure was relaxed until the forces exerted on the atoms were smaller than 
0.001 eV/Å. An 8x8x6 q mesh was used to calculate the dynamical matrix at each 
q grid, which gave the interatomic force constants produced by the cumulant sum 
method. For obtaining the average phonon transmissivity across the interface, the 
Fourier interpolation scheme to generate the dynamic matrix at an arbitrary q 
point and converged results were achieved by sampling 48000 q points. Figure 
4.12(a) shows the resulting phonon dispersion curves along high symmetry paths 
for ZnO. The phonon group velocities were subsequently obtained by calculating 
dω/dq, and the values along high symmetry paths for acoustic phonon branches 
are selectively shown in Figure 4.12(b). 
 






Figure 4.12 (a) Phonon dispersion relationship along high symmetry paths for 
bulk ZnO obtained by ab-initio calculation. The acoustic branches are represented 
by blue curves, whereas the optical branches are depicted by red curves. (b) 
Phonon group velocities for the three acoustic phonon branches for ZnO along 
high symmetry paths. (c) Results of average Γ while keeping KA as a fitting 
parameter. It can be seen that the experimentally determined Γ value of 0.927 
corresponds to a KA value of 1.02x 1020 Nm-3. 
  With the above information, the experimentally measured Γ(T) values were 
fitted while keeping KA as a fitting parameter. As shown in the inset of Figure 
4.12(c), the best fitting was obtained by taking KA to be 1.02x1020 Nm-3. 
Therefore, with this quantitative analysis, the reasons behind the consistently high 
percentage retained thermal conductance for the cleaved ZnO nanowire based 
device appear to be two fold. On the one hand, the 2 segments of the nanowire 
were able to come into close contact with each other and effectively raised the 
interfacial spring constant per unit area, which in turn effectively enhanced the 
spectral phonon transmissivity across all phonon frequencies. This is possible due 





to our in situ cleaving procedure, which resulted in perfectly correlated interfaces. 
Moreover being a de facto oxide, the freshly cleaved ZnO surfaces do not undergo 
oxidation and/or reconstruct in a manner that would modify the surface structure. 
Therefore, the measured overall retained thermal conductance is higher than, for 
instance, an assembled Si/Si41 or B/B42 interface with interfacial oxide layers, 
which has been reported to be 60% and 65%, respectively, at room temperature. 
On the other hand, the moderate Debye temperature of ZnO ensures that low-
frequency acoustic phonons, which typically possess high phonon group 
velocities and are mainly responsible for thermal transport, are almost fully 
excited at room temperature and beyond. This gives rise to an almost flat thermal 
conductance curve in the measured temperature range. 
4.7 Device switching speed 
  Finally, we comment on the switching speed of our nanoscale bistable thermal 
conduction device. Transient simulation of the device under the application of 
various step thermal biases ΔTh has been performed. The time evolution of the 
average normalized relative vertical displacement between two ends of the 
nanowire is shown in Figure 4.13. These results could be fitted with an 
exponential curve with a time constant of 9.8 ms, which means that over 98% of 
overall relative displacement would be attained in a time window of 40 ms. The 
device switching time has thus been estimated to be 40 ms. This switching time is 
consistent with typical thermal transport speeds as discussed in the literature, 
which are limited by the speed on the order of 1000 ms-1 for acoustic phonons as 
the main heat carriers.9,43 






Figure 4.13 Time evolution of normalized relative vertical displacement between 
two ends of the nanowire under various step thermal biases applied to the heater 
platform. Blue data points are averaged responses with standard deviation. Red 
curve is a best-fit exponential curve with a time constant of 9.8 ms. 
4.8 Conclusions 
  In this chapter, based on controlling the interplay between van der Waals 
interactions and thermal stress developed at an asymmetrically shaped nanoscale 
junction upon the application of a thermal bias, we have demonstrated the 
construction and working principle of a device with a single cleaved ZnO 
nanowire that is capable of exhibiting distinctive bistable thermal conduction with 
an ON-OFF ratio of 22. The states are non-volatile and could be attained with 
short writing thermal pulses and detected with a small readout thermal pulse. 
Such an all-thermal device offers relative freedom of material selection for the 
active nanoscale conduction channel, thereby allowing fine-tuning of key device 
parameters, such as switching thermal bias and ON-OFF ratio, through varying 
the magnitude of van der Waals interactions. In particular, such devices could be 





constructed from a single type of active material, circumventing the need for 
synthesizing complicated heterojunctions. The present approach could prove to be 
a potentially viable strategy in realizing high-performance thermal switch and 
nonvolatile thermal memory. 
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Chapter 5 Synthesis and Optical Properties Study of ZnTe 
Nanoplates with Quasi-Periodic Twinning 
  In this chapter we present our attempts in synthesizing and studying ZnTe 
nanostructures with yet another level of complexity, namely ZnTe nanoplates 
with quasi-periodic twinning. We start off by providing a comprehensive account 
of our synthetic efforts leading to the successful growth of such nanostructures, 
including the adopted synthetic approach, detailed characterization processes, and 
a discussion of possible growth mechanisms. In the second part of this chapter we 
present results obtained on their vibrational and fluorescence properties, and 
demonstrate that these nanostructures exhibit an enhanced level of electron-
phonon coupling. 
5.1 Introduction 
  The atomic twinning phenomenon has been regarded as an example of planar 
defects in crystals and arises due to the variation of crystal orientations that is 
symmetrical about a boundary plane, known as the twin boundary.1 Such a 
phenomenon has been well-documented in crystal researches.2-8 Amongst the 
twinning phenomena studied so far for various crystal systems, an exceptionally 
intriguing case exists for binary compounds that crystallize in the cubic zinc 
blende (ZB) phase. As shown in Figure 5.1(a), the atomic structure of  these 
crystals could be viewed as comprising the stacking of close-packed {111} types 
of atomic bilayers along the <111> directions. There exist three different ways to 





stack these bilayers when viewed along the <110> direction and as illustrated, the 
ZB phase involves the recursive stacking of all three types in succession. A 
closely related crystal phase is the hexagonal wurtzite (WZ) structure, when only 
two types of the bilayer stacking options are initiated and repeated, such as 
illustrated in Figure 5.1(b).9 
 
Figure 5.1 (a) Ball-and-stick atomic structure showing the atomic stacking 
sequence for the zinc-blende (ZB) crystal phase for a binary compound with a 
slightly rotated view from the <110> direction. (b) Ball-and-stick atomic structure 
showing the atomic stacking sequence for the hexagonal wurtzite (WZ) crystal 
phase for a binary compound. In both (a) and (b), small letters (a, a', b, b', c and c') 
represent single atomic layers, while capital letters (A, B and C) represent atomic 
bilayers. (adapted from ref. 9) 
  Now imagine keeping the ZB segment as illustrated in Figure 5.1(a) fixed, but 
taking everything above the a' layer at the top of the figure and performing a 
180°-rotation about the <111> axis. This operation would generate a new overall 
atomic stacking pattern such as shown in Figure 5.2(a), which could be described 
with the letter description ...BCACBA... instead of the usual ...CBACBA... 
stacking sequence. Such a phenomenon is known as rotational twinning in ZB 
crystal phase, and the atomic bilayer in the middle that separates the two twins 





constitutes the twin boundary, as highlighted in Figure 5.2(a).9,10 We would like 
to point out here that since the atomic bilayers exhibit a 3-fold rotational 
symmetry about the <111> axis, an entirely equivalent result could be obtained 
with only a 60°-rotation of the top section, as some literatures prefer to use in 
their descriptions. 
 
Figure 5.2 (a) Ball-and-stick atomic structure showing the formation of a 
rotational twin structure in a ZB crystal phase. Here the atomic bilayer that serves 
as the twin boundary is highlighted in red. (b) Ball-and-stick atomic structure 
showing the formation of a twin-plane superlattice (TSL) by coherent twinning 
phenomena in a ZB crystal phase with a fixed periodicity in the length of each 
twinned segment. Here each atomic bilayer is labeled, and red lines are drawn for 
visual guidance. (adapted from ref. 9) 





  Having laid out the scheme for rotational twin formation in the ZB crystal 
structure, it does not stop us from further postulating that multiple twinning 
events could well take place along the length of a ZB crystal, as illustrated in 
Figure 5.2(b). In fact, a new degree of freedom could be established with the 
multiple twinning phenomenon, namely the length of each twin segment. As first 
proposed by Ikonić et al. in the mid-1990s, a special case known as a twinning 
superlattice (TSL) arises when each twin segment length stays constant.11,12 TSL 
is hailed to offer a number of fundamental advantages as compared to traditional 
compositional13,14 or polytypical superlattices,15,16 such as existence of atomically 
sharp twin boundaries, elimination of lattice strains due to perfect lattice match 
across the interface, as well as electron wavefunction symmetry mismatch across 
the interface, which gives rise to significant electron scattering.11,12 In recent years, 
many theoretical and experimental efforts in producing and exploring controlled 
twinning occurrence in real materials systems, especially 1-dimensional (1D) 
nanowires, have been conducted.16-27 Compared with their 1D counterparts, 2-
dimensional (2D) TSLs warrant even closer attention, because the extended twin 
boundaries would render the two principal directions that are perpendicular and 
parallel to the twin boundaries to be simultaneously accessible for electrical and 
optical probing, thereby facilitating fundamental studies of anisotropy in such 
structures, as well as allowing possibilities for new device design concepts. 
  ZnTe is a technologically important p-type direct bandgap (~2.28 eV at room 
temperature) semiconductor material with wide-ranging optoelectronic 
applications from laser diodes,28 light emitting diodes,29-31 photodetectors,32,33 





solar cells,34 optical limiters,35 to terahertz wave generators.36,37 Being a II-VI 
semiconductor with limited electrostatic interaction between third-nearest-
neighbor atoms and a moderate ionicity of 0.560,38,39 ZnTe is known to crystallize 
almost exclusively in the ZB phase, except in only one literature where low-
temperature solution-grown WZ ZnTe nanorods are reported.40 The preferential 
adoption of a ZB crystal structure puts ZnTe as a very attractive material 
candidate for the study of twinning formation without the additional complication 
brought by the WZ-ZB polytypism, which is a common issue associated with III-
V semiconductors.41 Some reports on single-crystalline or twinned 1D ZnTe 
nanostructures exist in the literature.42-49 
  In this chapter we explore the synthesis of twinned ZnTe nanostructures. We 
show that with a modified synthetic approach, quasi-periodically twinned ZnTe 
nanoplates could be successfully obtained. 
5.2 Synthesis of quasi-periodically twinned ZnTe nanoplates 
  The 2D quasi-periodically twinned ZnTe nanoplates were synthesized using a 
vapor transport technique inside a sealed horizontal tube furnace. Here we 
adopted a slightly modified VLS growth process by employing Au nanoparticles 
(NPs) with an extremely small particle size of 2 nm as growth catalysts. These 
commercially available Au NPs (BBInternational) with a very low concentration 
(1.5 x 1014 particles/ml, corresponding to 2.5 x 10-10 moles particle/ml) were drop 
cast onto Si (100) substrates and dried prior to nanostructure synthesis 
experiments. High purity ZnTe powder (99.999%, Alfa Aesar) with a mass of 





0.20 g was used as source powder. During growth the source powder was placed 
at the center of the tube furnace, and the substrates were located at a lower 
temperature zone. The furnace was initially evacuated to a base pressure of 1 x 
10-2 mbar, after which Ar gas pre-mixed with 5% H2 with a flow rate of 150 
standard cubic centimeters per minute (sccm) was introduced as carrier gas. The 
pressure inside the growth chamber was regulated at 2.0 mbar, and the furnace 
was heated to the growth temperature of 780 °C and held for 30 min. The local 
temperature at the substrate during growth was approximately 600 °C. The 
furnace was subsequently left to natural cool-down inside the Ar/5% H2 
atmosphere upon completion of the synthesis process. 
  A low-magnification SEM image displaying typical growth products is shown in 
Figure 5.3(a). It could be seen that a large fraction of the product consists of 2D 
plate-like structures, although the occurrence and alignment of these structures 
appear to be random. Figure 5.3(b) shows a zoom-in SEM image of these 2D 
nanostructures. In general, they have lengths and widths both extending well into 
μm, and a thickness of several tens of nm. The outer surface appears to be smooth. 
 






Figure 5.3 (a) A low-magnification top-view SEM image showing the as-grown 
ZnTe nanostructures. (b) A zoom-in SEM image showing the formation of plate-
like ZnTe nanostructures among the growth products. 
  To characterize the crystal phase purity of the as-grown sample, we have carried 
out synchrotron radiation-based X-ray diffraction (XRD) measurement using the 
XDD beamline at Singapore Synchrotron Light Source. The X-ray beam has an 
extremely small beam divergence of 0.006° and an energy resolution ΔE/E of 5.3 
x 10-4 at a photon energy of 8.048 keV that matches the energy of Cu Kα 
radiation.50 The greatly enhanced energy resolution allows for easy identification 
of small additional peak features or peak shifts arising from variations in 
interplanar spacing in the as-grown products. Figure 5.4 displays the powder 
XRD diffractogram of our sample together with the reference ZnTe powder 
diffraction data from JCPDS # 89-3054. It could be seen that all sharp diffraction 
peaks as labeled match well with cubic phase ZnTe with a ZB structure (space 
group F-43m). No additional peaks or peak shifts could be detected, indicating 
excellent crystallinity of our as-grown sample. 






Figure 5.4 Synchrotron radiation-based XRD diffractogram for the as-grown 
ZnTe nanostructures. The lower panel displays the reference ZnTe XRD pattern 
from JCPDS PDF Card # 89-3054 on the same horizontal axis. 
  The as-synthesized ZnTe nanostructures were then dispersed into isopropanol 
with ultrasonication and drop cast onto 400 mesh Cu TEM grids with a 
continuous carbon supporting film for TEM analysis. Figure 5.5(a) shows a 
digital camera image of a single ZnTe nanostructure on the TEM grid. Figure 
5.5(b) shows a low-magnification TEM image of the same nanostructure, which 
appears to be featureless at this point. However, upon further magnification, it is 
interesting that numerous alternative bright and dark bands with a well-defined 
diffraction contrast and comparable widths (in this case about 15 nm – 20 nm) 
start to be observed to run throughout the entire sample, as shown in the medium-
magnification TEM image in Figure 5.5(c). A high resolution TEM (HRTEM) 
image such as shown in Figure 5.5(d) demonstrates the excellent crystal quality of 
the nanostructure. Three sets of interplanar spacings of 0.35 nm, 0.35 nm and 0.30 





nm are marked. They indeed match well with the d{111} and d{200} spacings of the 
ZnTe crystal respectively, and no lattice distortion is detectable. The segmented 
crystal appears to propagate in a zigzag fashion, and the boundaries that separate 
two segments are in fact atomically sharp and free from any misfit or distortion. 
The angle of rotation across a single boundary is measured to be 141.1°, which is 
in perfect agreement with the theoretical value of 141° for twinning in [111] 
direction in cubic lattices with a ZB crystal structure. The atomically sharp 
boundaries are therefore identified as twin boundaries (TBs). Figure 5.5(e) shows 
a selected area electron diffraction (SAED) pattern taken along the [-110] zone 
axis. The SAED pattern could be decomposed into two sets of sub-patterns (as 
colored white and red here), both of which could be well indexed to the cubic ZB 
lattice structure with a relative rotation of 180° about the [111] axis. This special 
SAED pattern further confirms the twinning phenomenon observed in the 
HRTEM image in Figure 5.5(d). 
 






Figure 5.5 (a) A digital camera image of a single ZnTe nanoplate on a Cu TEM 
grid with a continuous carbon supporting film. (b) A low-magnification TEM 
image of the same ZnTe nanoplate. (c) A medium-magnification TEM image 
showing numerous alternating bright and dark bands that run throughout the 
sample. (d) An HRTEM image showing well-defined interplanar spacing and 
atomically-abrupt boundaries between bright and dark bands. (e) An SAED 
pattern showing two sets of diffraction spots with a relative rotation of 180° about 
the [111] axis. 
  Besides obtaining HRTEM images showing the twinning phenomenon, we also 
constructed atomic models showing detailed atomic arrangements around a TB. 
Figure 5.6(a) shows a part of the HRTEM image of the ZnTe nanostructure 
highlighting details around the TB. In Figure 5.6(b), the situation has been 
reconstructed with a ball-and-stick atomic model. Here the [111] twin axis is 
highlighted, and the angle between the [11-1] plane and its twin plane is shown to 
be 141°, exactly matching experimentally determined values. Furthermore, it is 
interesting to note that the TB is indeed having perfect atomic arrangement 
without any bond distortion or the presence of any dangling bonds. 






Figure 5.6 (a) A part of the HRTEM image of the ZnTe nanostructure 
highlighting details around the twin boundary (TB). (b) Detailed ball-and-stick 
atomic model for the twinning phenomenon, which match with the HRTEM 
observation. Here the brown and grey atoms represent Zn and Te atoms 
respectively. 
5.3 Discussion on possible growth mechanism 
  In order to shed more light on the roles that the 2 nm Au catalyst particles play 
and possible growth mechanisms of the quasi-periodically twinned ZnTe 
nanoplates, we performed a control experiment where the Au catalyst particles 
with extremely small particle size have been replaced with a more traditional 5 
nm thick continuous Au thin film thermally evaporated onto the Si (100) substrate. 
With the introduction of a Au thin film serving as the VLS catalyst, we carried out 
ZnTe nanostructure synthesis employing exactly the same growth conditions as 
per the previous synthesis procedure (780 °C for source temperature and 
approximately 600 °C for substrate temperature in particular), and discovered that 
the majority of the growth products takes the form of ZnTe nanowires. Figure 
5.7(a) and Figure 5.7(b) show the low-magnification and medium-magnification 





TEM image of one such ZnTe nanowire. The nanowire diameter is about 400 nm 
and the length extends beyond 10 μm. When subjected to HRTEM imaging, such 
as shown in Figure 5.7(c), this ZnTe nanowire is shown to be single-crystalline. 
The alternate bright and dark bands arising from diffraction contrast in the 
previous case are absent in this case. The interplanar spacing of 0.35 nm as 
marked here confirms that the nanowire grew along the [111] direction. The 
corresponding SAED pattern shown in Figure 5.7(d) confirms the single-
crystalline nature of the nanowire. In fact, all of the diffraction spots could be 
well-indexed to the cubic ZB crystal phase without twinning. 
 
 






Figure 5.7 (a-b) A low-magnification and medium-magnification TEM image 
showing a ZnTe nanowire synthesized using the Au catalyst in the form of a thin 
film. (c) An HRTEM image showing the single-crystalline nature of the ZnTe 
nanowire without the presence of twinning. The nanowire grows along the [111] 
direction. (d) An SAED pattern for the ZnTe nanowire. The pattern confirms the 
single-crystalline nature of the nanowire. The diffraction spots could be well-
indexed to the cubic ZB crystal phase without twinning. 
  The control experiment results seem to suggest that the 2 nm Au particles with a 
low number density on the Si (100) substrate do play a special role in the 
formation of the 2D quasi-periodically twinned ZnTe nanoplates. One aspect we 
notice about Au particles with such small particle size is the severe melting point 
depression they experience. As pointed out by Buffat and Borel in their work in 
1976 and plotted here in Figure 5.8, Au particles start to experience a drastically 





depressed melting temperature for particle sizes below 5 nm. In fact, as the 
extrapolation curve indicates, the 2 nm Au particles used herein could start to melt 
at temperatures as low as 300 °C, which is well below the onset of crystal growth 
in our case. This suggests that Au evaporation from the NP surface could readily 
take place, which could result in a minute but definite amount of vaporized Au 
atoms locally when crystal growth commenced and therefore open the prospect of 
Au atom incorporation into the growing nanostructures. 
 
Figure 5.8 A plot of the Au melting temperature vs. particle size, showing the 
melting point depression with extremely small Au nanoparticles. (adapted from 
ref. 51) 
  Akiyama et al. has shown through ab initio studies that Au atoms could readily 
be incorporated at the Au/GaAs (111)B interface and energetically stabilize the 
formation of rotational twins, which could be viewed as the shortest WZ segment 
with three atomic bilayers.52 Allen et al. successfully used the technique of high-
angle annular dark-field (HAADF) scanning transmission electron microscopy 





(STEM) imaging to directly resolve single Au atoms and visualized for the first 
time their localization at a twin defect in an intrinsic Si nanowire.53 Inspired by 
these works, we also carried out an ab initio calculation on the total system 
energy by considering the case where a row of interstitial Au atoms inside ZnTe 
with a normal ZB crystal structure, as illustrated in Figure 5.9(a), as well as the 
case where a row of interstitial Au atoms are present at the TB for ZnTe with a 
single twinning, as illustrated in Figure 5.9(b). The calculation reveals that the 
system energy for the latter case is in fact 0.115 eV lower than that for the former 
case, which points to the possible twin structure stabilization effect brought about 
by Au atoms incorporation. 
 
Figure 5.9 (a) Atomic model of interstitial Au atoms in a ZnTe crystal adopting a 
normal ZB crystal structure. The calculated system energy stands at -65.204 eV. 
(b) Atomic model of a twinned ZnTe crystal where Au atoms occupy interstitial 
positions at the twin boundary. The calculated system energy shows a lower value 
of -65.319 eV, indicating that this structure is more energetically stable. 





  With the above results and considerations, we would now attempt to provide a 
possible growth mechanism for the formation of 2D quasi-periodically twinned 
ZnTe nanoplates. As shown in panel A of Figure 5.10, initially when the furnace 
was gradually heated up, depending on their relative proximities, the randomly 
cast and distributed Au NPs on the Si (100) substrate would either agglomerate 
(such as shown in the blue circle) or evaporate due to the severe melting point 
depression for extremely small Au NPs. For the particle size of 2 nm, this 
evaporation process would start when the substrate reaches a mild temperature of 
approximately 300 °C. However, for the agglomerated particles, as long as their 
sizes exceed ca. 5 nm, the melting point would rapidly converge to the bulk value 
of 1064 °C (as indicated by the plot in Figure 5.8), and they remain to serve as the 
growth catalyst. Such a scenario is shown in panel B of Figure 5.10. 
  At a low growth pressure of 2 mbar in the current case, vaporization and 
hydrogen-assisted dissociation of the ZnTe powder would start at a relatively low 
source temperature of ca. 600 °C and initiate the first phase of crystal growth 
where the corresponding substrate temperature is ca. 500 °C or below. We think 
that at this stage the growth is a VLS process, and due to the combination of 
factors of small catalyst particle size, relatively high source vapor supersaturation 
and low growth temperature, the product dominated this stage of growth would be 
WZ phase ZnTe nanobelts (NBs). This argument is supported with literatures that 
have reported the successful synthesis of WZ phase ZnTe both in nanorods40 and 
thin film forms54 at low temperatures. These NBs are enclosed by ±(01-10), ±(-





2110) and ±(0001) facets, as illustrated in panel C in Figure 5.10, thereby forming 
a pseudo-rectangular cross-section. 
  When the temperature further increases towards the final preset value, in 
addition to the liquid droplet, the ±(0001) side facets of the as-grown WZ ZnTe 
NBs would act as another preferential diffusion direction for the incoming vapor 
flux. As such, a situation involving competitive diffusion would arise. This 
competitive diffusion model has been observed and discussed by Hao et al. in the 
synthesis of polytypic NBs of ZnS.55 Compared with the VLS process that 
comprises the intermediate dissolution and precipitation at the liquid-solid 
interface, direct sink and fast incorporation of adatoms on the side surface, which 
is a VS process, would be favored and become predominant at high temperatures 
with high vapor supersaturation. In this case, we take note of the special epitaxial 
relationship of WZ{0001}║ZB{111}, and the fact that ZnTe in the ZB crystal 
phase is the preferred crystal phase to form at elevated temperatures above 
500 °C.56 With polarity consideration for ZnTe,57 we expect the growth of ZB 
ZnTe segments from the WZ (000-1)-Te surface, which has an elongated 
rectangular shape, to dominate at high tempeartures. Such a scenario is illustrated 
in panel D of Figure 5.10. We call this the second stage of growth. At this stage, 
the VS growth process would be characterized by surface diffusion of reactant 
species and preferential incorporation to sustain a layer-by-layer growth of 
nanostructures. This means that the Au atoms from the gas phase would have a 
chance to be incorporated into the growing ZnTe crystal. As our earlier ab initio 
calculation result suggests, when the local gaseous Au concentration is 





sufficiently high, their twinning stabilization effect would be enhanced and their 
incorporation would be successful, in the process creating a single TB, as shown 
in panel E of Figure 5.10. The successful creation of a single TB would deplete 
the local Au concentration, which would then need to build up again, before 
another formation event of a single TB to be created later. With the repeated 
introduction of TBs along the growth direction of the ZnTe nanostructure, 
alternate segments of the ZB ZnTe twin crystals (here denoted as ZnTe (111)A 
and ZnTe (111)B) gradually build up and finally lead to the formation of 2D 
quasi-periodically twinned ZnTe nanoplates, as shown in panel F of Figure 5.10. 
 
Figure 5.10 A schematic showing the possible sequence of events leading to the 
formation of 2D quasi-periodically twinned ZnTe nanoplates. 





5.4 Optical properties of quasi-periodically twinned ZnTe 
nanoplates 
  The as-synthesized 2D quasi-periodically twinned ZnTe nanoplates were 
detached from the growth substrate, dispersed into isopropanol with 
ultrasonication, and drop cast onto 400 mesh Cu TEM grid with a continuous 
carbon supporting film for single nanostructure based optical properties 
investigation. The inset in Figure 5.11(a) shows such a nanostructure on a TEM 
grid. Room-temperature photoluminescence (PL) spectroscopy was conducted 
using a continuous wave Ar+ laser with an excitation wavelength of 488 nm. 
Figure 5.11(a) shows a series of PL spectra taken with gradually increasing laser 
power. It could be seen that with increasing excitation power, the PL intensity 
increases rapidly to saturation, and the peak position gradually redshifts from 545 
nm all the way to 605 nm. The series of dark-field fluorescence images shown on 
the right reveal intense light emission and confirm the color change from green 
through yellow to finally red upon increasing laser power. Figure 5.11(b) shows a 
plot of PL intensity and FWHM with peak position extracted from Figure 5.11(a). 
It clearly indicates that upon increasing laser power, the PL peak intensity first 
increases dramatically then approaches saturation, whereas the FWHM shows 
almost a linear increase. The amount of PL peak redshift is plotted against the 
normalized excitation power in Figure 5.11(c). It could be seen that for this 
sample, a redshift of more than 50 nm could be observed. 
  Such redshifts have been attributed by Zhou et al. to bandgap renormalization 
due to strong coulombic repulsion between the extra photo-excited carriers at high 





excitation power, which signifies the onset of electron-hole plasma formation and 
results in shrinkage of the apparent band-edge to a lower energy.58 In an 
unpublished work, Xing et al. found that the emission peak in ZnTe is strongly 
dependent on both the photo-excited carrier concentration, as well as the lattice 
temperature TL.59 In our case, photo-excitation with high intensity, long pulse 
duration laser pulses could dramatically increase TL through electron-phonon 
thermalization. The combined effects of high photo-excited carrier density as well 
as a high lattice temperature TL could likely be the reasons behind the observed 
large redshifts in PL emission in the current case. 
 
Figure 5.11 (a) Room-temperature photoluminescence (PL) properties of a single 
2D quasi-periodically twinned ZnTe nanoplate. The excitation source is an Ar+ 
laser with a wavelength of 488 nm. A series of PL spectra with increasing laser 
intensity is shown here, which clearly displays a redshift. The dark-field images 
on the right show corresponding gradual color change from green through yellow 
to red upon increasing laser power. (b) A plot of PL peak intensity and FWHM 
with peak position. (c) A plot of the amount of redshift for the PL exciton peak 
with normalized excitation power. 





  Resonant Raman spectroscopy was carried out on individual quasi-periodically 
twinned ZnTe nanoplate to study the exciton-phonon coupling effects in these 
structures via a microRaman spectroscopy setup. Considering the bandgap of 2.28 
eV for ZnTe at room temperature, an excitation laser with a wavelength of 532 
nm (corresponding energy of 2.33 eV, just slightly above the ZnTe bandgap) was 
selected to induce resonant Raman scattering from the sample. A low excitation 
laser power of 0.1 mW was used for this experiment. As shown in Figure 5.12(a), 
up to fourth order longitudinal optical (LO) phonon modes could be clearly 
observed on top of a PL background. The frequency of the LO phonon modes are 
at 205 cm-1, 410 cm-1, 615 cm-1 and 820 cm-1, respectively, which are integer 
multiples of the fundamental LO mode at 205 cm-1. It is interesting to note that 
the intensities of the second and third overtones are in fact significantly higher 
than the fundamental mode. In Figure 5.12(b), the spectrum has been re-plotted 
after PL background subtraction. 
  It has been pointed out that the ratio of the relative intensities of the overtones to 
the fundamental Raman band is related to the coupling strength of the electron-
phonon interaction.60,61 According to Zhang et al.,61 the integrated intensity ratio 





ሺா೐ೣାଶ԰ఠಽೀି԰ఠబሻమା୻మ                   (5.1) 
where S is the Huang-Rhys parameter that represents the exciton-phonon coupling 
strength, Eex is the electronic transition energy, ħωLO is the LO phonon energy, 





ħω0 is the incident photon energy, and Γ is the exciton linewidth. We can see that 
the exciton-phonon coupling strength is directly proportional to the integrated 
intensity ratio of the 2LO peak to 1LO peak from the resonant Raman spectrum. 
We could not experimentally determine Γ, thus preventing us from calculating the 
numerical S values for the time being. However, from the plot in Figure 5.12(b) 
we obtained a very high 2LO to 1LO integrated intensity ratio of 4.9, which is 
much higher than reported by Zhang et al. for ZnTe nanowires,61 signifying 
qualitatively enhanced electron-phonon coupling effects in our 2D quasi-
periodically twinned ZnTe nanoplates. 
 






Figure 5.12 (a) Resonant Raman spectrum for a single 2D quasi-periodically 
twinned ZnTe nanoplate taken in a backscattering geometry with an excitation 
wavelength of 532 nm. (b) The same spectrum after PL background subtraction. 
5.5 Conclusions 
  In this chapter we venture into an explorative study of novel 2D quasi-
periodically twinned ZnTe nanoplates. We show an account of our modified 
synthetic approach for the growth of these novel nanostructures with complex 
atomic plane stacking sequences, and provided detailed structural analysis for the 
as-synthesized nanostructures. We also discuss possible vital roles that the 





extremely small 2 nm Au catalyst NPs play in this synthesis scheme. In the 
second part of this chapter, single nanoplate based PL and resonant Raman studies 
have been carried out. We show that this material is capable of exhibiting a PL 
emission redshift up to 50 nm due to the combined effect of high density photo-
excited carriers as well as a high lattice temperatures resulted from electron-
phonon thermalization when irradiated with long pulse duration excitation lasers. 
Resonant Raman studies revealed a very high integrated intensity ratio for the 
2LO peak to the 1LO peak, signifying an enhanced electron-phonon coupling 
effects observed in these 2D quasi-periodically twinned ZnTe nanoplates. 
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Chapter 6 Concluding remarks and Future Work 
6.1 Concluding remarks 
  This thesis work is devoted to a detailed and systematic study of nanostructures 
from selected zinc chalcogenide semiconductor materials, namely ZnO and ZnTe, 
from the materials synthesis stage through extensive single nanostructure-based 
characterization to finally finding their functionalities and possible applications. 
The nanostructures were synthesized with the common synthetic method of 
chemical vapor deposition (CVD) carried out using a sealed horizontal tube 
furnace. However, with the development and incorporation of modifications to the 
synthetic protocol at various stages, nanostructures with various types of 
complexity, be it morphologically, structurally, or microstructurally, have been 
created that go beyond the most-commonly studied one-dimensional and two-
dimensional forms of nanowires and nanobelts. 
  In the first demonstration, we presented the successful preparation of multi-
segment ZnO nanowires with distinct segment diameters. These nanostructures 
with complex morphologies were synthesized by implementing a strategy known 
as homoepitaxial re-growth. With this synthetic protocol, the entire exterior of the 
as-synthesized ZnO nanowire segments were adopted as growth templates for 
further epitaxial growth, and in this manner the segments were shown to be 
capable of stacking up sequentially with repeated independent growth cycles. This 




synthesis strategy offers great prospects of tunability as the exact growth 
parameters for each growth event could be modified independently. 
  Besides morphological control, we have also worked on other issues such as 
alignment and density control with which these nanostructures appear on a 
particular growth substrate. We have shown that a ZnO seed layer deposited on 
common substrates, such as Si (100) or sapphire substrates, by the pulsed 
deposition (PLD) technique serves as a great starting point for ZnO nanostructure 
growth. On Si (100) substrates, perfectly vertical ZnO nanowire arrays could be 
obtained on such a seed layer after the first stage of seed layer thickening and 
ZnO nanoridges formation. Nanowire density control could barely be achieved in 
this case. However, the seed layer deposited on sapphire substrates with similar 
deposition parameters was shown to be able to offer density-controlled ZnO 
nanowire formation through density control of surface defects that serve as 
nucleation sites for subsequent nanowire growth. Using this approach, multi-
segment ZnO nanowires with extremely low number density was successfully 
synthesized, which facilitates the detachment and single-nanowire-based 
characterizations. 
  Subsequently, the spatially-resolved thermal conduction properties of a 2-
segment ZnO nanowire was explored using an in-house developed scanning 
focused electron-beam heating technique in a proof-of-concept study. Cumulative 
thermal resistance profiles in close proximities across the transition junction were 
obtained, from which thermal conductivity values corresponding to each segment 
within the same nanowire could be extracted. We obtained thermal conductivity 




values of 11.7 W/m·K and 12.3 W/m·K corresponding to nanowire segments with 
diameters of 46.6 nm and 69.5 nm respectively, which is a direct consequence of 
the fact that the thicker segment has a higher surface roughness. 
  In a second study, we have explored the thermal conduction properties of a 
cleaved single-segment ZnO nanowire connected through van der Waals 
interactions. Such a situation has been created via in-situ cleaving of an intact 
single-segment ZnO nanowire that has been bonded to the microscale thermal 
property test fixture at both ends, and represents a state of structural complexity to 
the nanowire system. We have shown that the thermomechanical stress developed 
on the micsroscale test platform as a result of a relatively large pulsed thermal 
bias could effectively couple to the van der Waals interactions that connects the 
two nanowire segments, in the process toggling the junction between the open and 
closed states. As a result, the entire system exhibits bistability in thermal 
conductance by designating the cleaved ZnO nanowire as the nanoscale thermal 
conduction channel. The thermal conductance states are well-defined with a 
difference of 22 times between the on and off states. We have conducted ab-initio 
calculations, which indicate that the high thermal conductance observed in the on 
state is closely related to the high effective van der Waals force between the 
nanowire segments as a result of in-situ cleaving. The demonstration of nanoscale 
bistable thermal conduction has huge implications on the development of thermal 
switches and nonvolatile thermal memory technologies. 
  Turning to ZnTe nanostructures, we have discovered that the adoption of Au 
catalysts with extremely small particle sizes promotes the intriguing growth of 




quasi-periodically twinned ZnTe nanoplates in a typical Vapor-Liquid-Solid (VLS) 
growth. These microstructurally-complex twinned ZnTe nanoplates constitute an 
ideal test platform for probing various transport phenomena across the atomically 
coherent twin boundary. We have investigated their formation and tentatively 
assigned a growth mechanism combining both VLS growth and Vapor-Solid (VS) 
growth initiated by the extremely small Au particles. Preliminary single-
nanostructure-based optical studies show that these nanostructures exhibit a large 
redshift in their photoluminescence (PL) of up to 50 nm as a result of both a high 
number of photoexcited carrier generation as well as an enhanced lattice 
temperature due to electron-phonon thermalization. Resonance Raman studies 
have indicated a high electron-phonon coupling inside these structures. 
  This thesis has demonstrated versatility with respect to nanostructure synthesis 
and highlighted the fact that the resulting nanostructures with derived 
complexities could have tailored functionalities. It is very important to focus on 
detailed nanostructure design and synthesis for specific applications in 
nanomaterials research in the coming time. 
6.2 Future work 
  As an extension to the current thesis work, this section points out interesting 
aspects for further exploration to each project that constitutes the thesis. It also 
contains a list of recommended research actions for both immediate follow-up as 
well as future work.  




  For thermal transport studies in multi-segment ZnO nanowires, a very intriguing 
prospect is to study the effect of the presence of segment transition junctions on 
the scattering of phonons and its implications on possible directionally 
asymmetric thermal conduction, which is a highly desired phenomenon for the 
development of a phononic device of thermal diode. Such studies could be 
implemented from four aspects of interest. Firstly, segmented ZnO nanowires 
with largely contrasting segments in terms of segment diameters could be used, 
thereby magnifying the effects at segment transition junctions. Secondly, 
segmented ZnO nanowires with different appearances of transition junctions 
could be fabricated and studied to elucidate the effect of exact transition junction 
shapes on the asymmetric forward and backward phonon scattering rate in 
thermal transport. Thirdly, segmented ZnO nanowires with more segments could 
be used, which could cascade the effects over many segment transition junctions. 
Lastly, the temperature-dependent device performance should be carefully 
evaluated, especially at low temperatures. 
  For cleaved-nanowire-based thermal switches, an immediate task for further 
exploration is to extend the idea onto nanowires from a range of materials other 
than ZnO. The aim of this is to study the prospect of tunability by changing the 
active component for thermal conduction. We believe that the key performance 
metrics for the cleaved-nanowire-based thermal switches, such as the magnitude 
of the switching thermal bias and ON-OFF ratio, are highly correlated with the 
magnitude of the van der Waals interaction and intrinsic mechanical properties of 
the active component. Therefore, by selecting nanowires of an appropriate 




material, thermal switches with intended switching characteristics could readily 
be fabricated. 
  For quasi-periodically twinned ZnTe nanoplates, the first task is to perfect the 
synthesis procedure so that desired nanostructures with more consistent yields 
could be synthesized with improved reproducibility. In order to achieve this, a 
deep experimental exploration into the exact growth mechanism of such 
intriguing nanostructures is imperative. Atomic-scale microscopy techniques such 
as high-angle annular dark-field (HAADF) Z-contrast imaging in a scanning 
transmission electron microscope (STEM) should be utilized to trace the exact 
location of Au atoms within the grown nanostructures in order to shed more light 
on their growth mechanism. A better understanding of the growth mechanism 
would also facilitate the synthesis of ZnTe twin-plane superlattice with identical 
twin segment lengths in the future. Besides elucidating their exact growth 
mechanism, another immediate task is to carry out single-nanostructure-based 
orientation-dependent electrical and thermal transport studies at various 
temperatures, so as to evaluate any anisotropy along the two principal orientations 
being perpendicular and parallel to the twin boundary. However, the challenge 
here is to have a knowledge of the exact twin boundary orientation during device 
fabrication. Currently, we are looking into the possibility of using resonance 
Raman spectroscopy as a convenient and fast means of identifying twin boundary 
orientation. 
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